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ABSTRACT

HYDRAULIC TESTS ON A XBLOCPLUS ARMOURED COASTAL
REVETMENT

Korkmaz Al peren M¢l ayim
Master of SciengeCivil Engineering
SupervisorAssist.Prof. DrHas an G° khan Gg¢gl er
Co-SupervisorAssst. Prof.Dr.C¢ neyt Baykal

September 202411 pages

In the present study, the performance of recently developed Xbl&cRho
XbIocPIusOvertoE units is investigated by physical model experiments for different
coastal revetment crosections at METU Coastal and Ocean Engineering
Laboratory. The interlocking of XblocPisinits is primarily designed to improve
armaur layer stability compared to Xblbainits, whereas XblocPlusOverfopnits

aim to reduce wave overtopping discharges. The @®@si$ons are constructed in
the wave flume on a flat region following a 1:30 foreshore bottom slope. The face
slopes of the revetment sections are kept cahsta 1:1.5 for all cases. Different
water depths, crest heights, crest widths, toe units, anduatayer configurations

are tested under eight different wave conditions to observe the performance of a
coastal revetment in detail. During the physical model experiments, the stability of
the armar and toe layer, forces acting on the crown wall, mean wave overtopping
discharges, and overtopptigduced scour at the lee side of the structure are

observed simultaneously. Differences in the hydraulic perfoce®s of cross



sections constructed with and without XbIocPIusOv&rtmitS under various

experimental conditions are discussed, highlighting the effects on the toe region.

Keywords: Coastal Revetment, XblocPfys XblocPlusOvertop, Hydraulic
Stability, Overtopping
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¥Z

XBLOCPLUS KORUMA TABAKALI BKR KI Yl TAH
HKDROLKK TESTLERK

Korkmaz Al peren M¢l ayim
Y¢ ksek,Kniksasaants M¢g hendi sl i i
Tez Y°ne¥jrci sHaysead®dT .G°khan G¢l er

Ortak Tez Pneticisi: Dr.¥ ] r . C¢ymeeyt Baykal

Ey !l ¢ 1,1129a8a4

Bu -al eékmada, yeni vegxblbcPlusOventdp biremteriniX b1 oc P
perfor manseéeé, ODT, Keyeé ve Deni z M¢ hendi
tahki mat e kesitl eri i -in fizikseF mod el
icnitelerinin birbirinéékbhetéehmesikéyasb
tabakasé stabilitesini art érEmanki tie-liem it d s
dal ga akma debi sini azaltmayée ama-I| amakt
taban eji mini takip eden d¢gz bir b°l gedc¢
tahki matyeéazr éenjéi ml eri t¢m durumlarda 1: 1, E
tahki matéenéen performanséné ayrénteéleée ol a
kret yéksekl i kl eri, kret geni kIl i kleri,
konfige¢rasyolnd ad @&l gsae kk ak uflaur kal t énda test
deneyl er séraseéenda, koruma ve topuk tab
eden kuvvetler, ove alaman@dml gakakmalaf ér

kaynakl @ oyul ma lexmlzemmind téi ro.l ard@ek igt®lzi de
XblocPlusOvertope ni t el eri il e Eyai Xkl ec Pl oé Gadmno |
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kesitlerin hidrol ik performansl|l aréndaki f

czerindeki etkiler vurgul anméxteer.

Anahtar KelimelerrK &y @ Tahki mé,tXélocPlug@vertofs Ritlralils
Stabilite, Dalga Akmaseé@
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CHAPTER 1

INTRODUCTION

Coastal regions are crucial for societies because of their ecoremuiogical, and

social values. Fisheries, oil and gas potential underneath the seas, and mineral
extraction activities provide additional economic opportunities to people near the
coastline. In addition, tourism and cultural and historical places enhaece t
economic potential of coastal regions. On the other hand, marine animals and plants
create an environment in these regions. These living beings play a critical role in the
food chain. By considering these aspects, coastal regions become more important f
human beings. Thus, protecting coasts against disasters and extreme events is

important for both economic and social activities.

Breakwaters, coastal revetments, dikes, jetties, and groins are some examples of
coastal structures constructed to protect coastal areas and properties. Understanding
wave action on these structures is an important and difficult task to design these

coastastructures more efficiently and safely.

Coastal revetments are one of the most widely used structures in coastal engineering
applications, briefly summarized above. This type of structure is generally used to
prevent coastal erosion and flooding. Moreover, coastal revetments protect the
infrastiucture and residential areas near the shoreline from wave attacks. Increasing
water levels due to climate change makes coastal regions more vulnerable to wave
overtopping and creates additional risks for society near the coastline. According to
the IPCC rport(Calvin et al., 2023)the global sea level rise is predicted to be up to

1 meter by the year 2100, which is the S8Fbscenario. This significant change

makes the coastal revetment design process more important for future projects. Thus,



understanding the hydraulic performance and design details of coastal revetments

plays a crucial role in providing safety and availability to society.

There are different aspects in the design of coastal revetments. The &ayeo is

one of the most important sections for coastal revetment stability, serviceability, and
performance. Increasing wave heights and water levels increase the demand for
armaur unit sizes. Thus, using artificial concrete aumanits is becoming more
popular and necessary for coastal structures. Different artificial units perform
differently in terms of stability due to changing interlocking properties. Differences
between conete armar units cause different overtopping performances. This
situation affects the serviceability of the structure. Aumdayer design and
performance analyses for coastal revetments can be considered similar to breakwater
trunk sections. Numerous different artificial units are being used in the coastal
structures. These units are being developed and new units are desigmddnce

the performance of coastal structures.

XblocE and XblocPIu§ units are examples of recently developed ammits for
coastal engineering applications. These units are develbpeDMC Marine
Consultantso provide more resilient structures against climate change by lowering
the CO, footprint (Xbloc, 2024) Less concrete consumption and less unit need for a
project can be achieved by using this new type of (Jaitobs et al., 20187 hus,

this unit is more economical and environmentally friendly unit than traditional units.
XblocPlug unitsare designed for straight sections such as coastal revetments. Due
to the geometry of these units, increasing the arrsiability performances aimed.

Also, the overtopping performance of the structure is enhanced with XblbeRids
XbloxPlusOvertop units. XbloxPlusOvertdpunits are specially designed to reduce
the overtopping discharge and increase the serviceability performance of the
structure. Geometrical properties and differences between these two concrete units

are described in Chapter 2.

Contrary to more common artificial units such as Antifer and tetrapod, there is

limited research on Xblécand XblocPIu§ units. Because of this limitation, this



thesis focuses on the performance of XblocPlusits. The stability of arme and

toe sections, forces acting on the crown wall, mean overtopping discharge, and
overtopping induced scour at the lee side of the revetmeninvestigated to

determine the effects and performance of this recently developed artificial unit type.
Investigationsare carried out in the scope of a consultancy project for a coastal
revet ment | ocated in the Black Saa Regi o

evaluated within @ase study.

In the scope of this study, the performance of recently developed Xblbcids
XblocPlusOvertop units is investigated, and the following research questions are

tried to be answered:

i. How do XblocPIu§ and XblocPlusOvertdpunits perform on armar
stability?

il. What is the effect of using XbIocPIusOver%apnits on toe stability?

iii. How do XblocPIu§ and XblocPlusOvertdp units perform on forces
acting on the crown wall?

iv. How do XblocPIu§ units perform on mean overtopping discharge? How
do XblocPlusOvertdp units affect theovertoppingperformance of the

structure?

V. What is the effect of the-type crown wall orovertoppinginducedscour
at the lee side comparedtothey pe cr own wal | used i
(2024)?

In Chapter 2, the literature review is presented under three sections to provide
detailed information. In the first part of this chapter, the properties of XbldcPlus
and XbIocPIusOverthpunits are explained. In addition, existing studies on these
units are summarized, and gaps in the literature about this subject are discussed. In
the second part, general information about coastal revetment design, which is mainly
about armar design, crown wall design, and toe design, is overviewed, and related
studies are briefly described. In the third part of this chapter, experimental studies

tha use similar setups to the experimental setup used in the present study are



introduced focusing on the related measurement systems. Similar studies that exist

in the literature are presented and described.

In Chapter 3, the selected methodologies for measuring and analyzing the stability
of armarr and toe layers, forces acting on the crown wall, mean overtopping
discharge, and overtopping induced scour at the lee side of the structure. This chapter
is presented in two main sections. In the first section, the design ofsessns of

the coastatevetment and wave conditions created in the wave flume are presented
in detail. Furthermore, the experimental setup and measurement devices are
presented in thisast. In the second part of the chapter, the measurement procedure

and analysis methods are described in detalil.

In Chapter 4, the results and discussions are presented in two sections. The results of
all experimental studies and analyses are presented in the first section of this chapter.
In the second part of the chapter, findings about the research questidns

limitations of this thesis studyre discussed.

In Chapter 5, conclusions and suggestions for future studies are given.



CHAPTER 2

LITERATURE REVIEW

In this thesis study, the hydraulic performance of recently developed XblbPids
XbIocPIusOvertoE units are evaluated in terms of the stability of anmayers and

toe regions, forces acting on the crown wall, mean overtopping discharge, and
overtopping induced scour at the lee side of the structure. These various types of
experimental measurements require different methodologies. Thus, this dhapter
divided into three main subsections. In the first part of this chapter, the geometry and
properties of recently developed ammounits are explained with the design
objectives. As stated in Chaptirthere are limited studies on coastal revetments
utilizing the XblocPIlu§ and XblocPlusOvertdpunits. In this part of this chapter,

these studies are presented, and gaps in the literature on this subject are discussed.
In the second part, studies exist in literature about aroesign, crown wall design,

and toe design of a coastal revetment are summarized and presented. Description of
studies on armar layer design and performance consists of not only standard design
processes but also the design and performance of Xbl&cPhrsd
XblocPlusOvertop units. In the third part,hie studies on the abovementioned

subjectsare overviewed.

2.1  Studies on XblocPlu§ and XblocPlusOvertog Units

XblocPlug unitsweredeveloped between 2015 and 2018, and the first application
of this unit is the Afsluitdijk Project in the Netherland¢Xbloc, 2024)
XbIocPIusOvertoE units are designed to be placed close to the crest, and reducing

the overtoppindpy reflecting the wavis aimed by using these modified units. These



units are designed to provide enhanced interlocking performéorceegular
placementoy DMC. Geometries of XblocPlfsand XbIocPIusOvert(’fpunits are
presented ifrigure2.1.

Figure2.1. Geometry of units; a) XbIocPI%iAdopted from Reedijk et al., 2018)
b) XblocPlusOvertop (Adopted from Bakker et al., 2022)

Due to the unique geometry of recently developed units shown in the figure above,
units can be placeavith a single placement method which provides ease of
placement and same orientation forwaltsdifferent than XbloE units During the
development of these units, openings are used and preventing the water pressure
build-up is aimedReedijk et al., 2018)This hole is also designed to provide fast
construction with a specially designed clamf@acobs et al., 2018)
XbIocPIusOvertoE units are designed teducewaveovertopping and curvature is
introduced by observing caissons and crown wall struci{i@akker et al., 2022)

Due to the similar geometry of XblocPlusOvefopnits with XblocPIu§ units
provides high interlockinpetween different unit types while enhancing the desired
overtopping performance of coastal structures.

Being a relatively new arnuo unit, research on the performance of coastal structures
constructed using these units is limited, but these studies can be summarized as

follows.

Moreno (2017)ompleted physical modeling experiments by using Xblo&Ptois
observe the overtopping performance of this unit and estimateotighness
coefficient of this new unit. Overtopping measuremeate completed by

implementing a chute and an overtopping tank at the back side of the structure. By



implementing this systemyioreno (2017)was able to measure the mean wave
overtopping discharge. Measuremeatscompleted on structures with 3:4 and 1:2
slopes. A foreshore slope of 1:B0also constructed for these experimental studies.
As a resultMoreno (2017)presents overtopping volume and roughness coefficient
suggestions for different structure slopes and discusses the exastimgas and
parameters that affect the overtopping volume. This research only focuses on
XblocPlu§ units for two different structure slopes in terms of overtopping

performance.

Reedijk et al. (2018present 2D and 3D experimental studies XislocPlug
armaured structure to investigate the roughness coefficient of this artificial unit and
the stability of the arma layer. Model testareperformed with a structure slope of
1:2 and 3:4 and a seabed slope of 1:30. In this sRelgdijk et al. (2018present

the hydraulic stability of the armio units and overtopping performance for only
XblocPlus. Reedijk et al. (2018}¥tate that therés no observation, and further
investigationshould be carried out for the transition from the structure slope to the
crest. Similarly, Bakker et al. (2019)evaluated thehydraulic stability of the

XblocPlu§ armaured structureéhrough2D and 3D physical model experiments.

Different than the stability investigations presented abBvegs (2019)ompleted

a study on stability investigations of the first row of the XblocPlasmaured
structure. It is stated that there are fewer interlocking points for the first row of the
armaJr units, and failure of this row can lead to a massive failure of the structure.
Thus, a physical modé utilized, and the stability performance of the first row in

different conditionss evaluated.

Janssen (2018pcused on the transition to crest elementXbcPlug armaired
structures. Understanding the failure behavior of the units at the transition is crucial
to model and predict the solutions. Thus, physical model aest®nducted, and a
numerical modelis utilized in this study Janssen (2018used video camera
recording to determine the failure modes of the crest elements. For numerical

simulations, OpenFOANS utilized. However,only XblocPlug unitsareevaluated



in this study Ruwiel (2020)states the same probleor this unit. Inthesestudies,
instabilities at the top of the structure and ceesemphasized and physical model
experimentsare conducted to see the crest performanceXioibcPlug units. A
modified design is provided and tested to eliminate this problem.

Vanden Berg et al. (2020)vestigated the effects of rock underlayer on the stability
of the armar layer in their studiedt is emphasized that the weight of the atmo
unit and hydraulic pressure cause the ammayer to be pushed out. Due to this
situation,Van den Berg et al. (2020)vestigated the irregularities by physical model
experiments. At the end of these experimental studlissshown that irregularities

in the underlayer cause another failure mechanism.

Although the abovementionestudies focus on different aspects of the XblocPlus
unit, there are limited studies on XblocPlusOveftamits. Bakker et al. (2022)
evaluate the modified units in terms of reducing the overtopping amount by physical
model experiments. They provide roughness coefficients for these units and compare
the overtopping performances of different units. ABakker et al. (20220liscuss
overtopping reductions when these new units are placed. Moreover, the hydraulic
stability of recery developed XbIocPIusOvertEpunits is tested for different
freeboards. The study shows also that this new unit creates similar effects with

bullnose and similarities are discussed in the study.

In summary, hydraulic stability, overtopping performance, and roughness coefficient
of the XblocPIu§ unit have been investigated by different studies. However, there
are limited studies orXblocPlusOvertop units compared to XblocPIEsunits.
Therefore, more investigations on XblocPiuand XblocPlusOvertop armaured
coastal revetment should be conducted. The present thesis study primarily aims to
investigatethe performances of XblocPlEswith and WithoutXbIocPIusOvertoEJ

units under different testing conditions and utilizing different ceesgions.



2.2  General Information About Coastal Revetment Design

2.2.1 Armour Design

Providing a stable and safe design for the amtayer of rubble mound structures

is a widely studied subject in the literatufédne most widely used formulatiomer
designing a armaur layerare provided by Hudsofl959), Van der Mee(1988)

and Van Gen2004). However,the Hudson formulatiors modified andcapgdied to

the design of Xblde andXblocPlu§ armaured structureby DMC. Modifications

are implemented to the formula by considering the characteristics of the artifical
units. Due to this situationHudson'smethodology to design an aromolayer is
presented in this sectioMoreover, modifications and assumptions presented by

DMC are explained.

The Hudson equation was developed by physical model experiments irah85€
providesthe medianmass ofarmaur units as an outpuCIRIA et al., 2007) This
method can be applied to deep water and shallow watgonswith different
breaking conditions. However, it covers only regular wave properties without
considering wave period and storm dura{iGiRIA et al., 2007)Also, this equation
does noexplicitly cover damage level and is applicable only to permeable coastal
structuresAlthough this equation has some limitations, it is widely usediesign
purposes with some modifications in design proced3esequation is presented in

Equation2.1
” "m
OY ®E O (21)

The parameters given in the equation abovepagsentedand explainedn Table
2.1.



Table2.1 Parameters in the Hudson equation.

Parameter Symbol Unit
MedianArmour UnitMass 0 0Q
Densityof Rock " QTh
Gravitational Acceleration Q axi
Wave Height O a
Stability Coefficient 0 -

&L

Relative Buoyant Density

Slope Angleof the Structure | -

The Rock ManualCIRIA et al., 2007 states thateksign wave heighs specified as

wave height at the toe of the structBacethe Hudson methodovers only regular
waves, the Shore Protection Manual (SPM) suggests the use of significant wave
height Hs) for irregular wave conditiona 1977 (CERC, 1977)Later, SPMCERC,
1984)suggests the use of the wave height exceeded by 10% of whvgs (

The stability coefficient Kp) changes for different armpo units due to different
shapesand interlocking propertie€CERC, 1984) This shows that the shapes and
interlocking properties of the armo unit determine the weight of the unit.
IncreasingKp enables engineers to decrease weight and concrete consumption.
Different values oKp for different armar units are presented in the SREERC,

1984) but Xblo& andXblocPlug units are not included in the table. On the other
hand, (Xbloc, 2023) providesKp as 16 and 12 for Xblde and XblocPIus,

respectively based on the studies summarized in Section 2.1.

The ratio of the density of the arorounit and wateigives the relative buoyant

density 69. The formula to calculateevalue is presented fquation2.2

Yy — p (22)
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In the Xbloc and XblocPlus Design Guidelingbloc, 2023) a modified version of
the Hudson equations suggested to determine the unit size. In the guideline,
modifications are presented by assuming the face slope of the structure as 3:4,
concrete density in the range of 238800kg/m® andusing theKp value as given
above. This modified equatidar XblocPIug unitsis presented in Equati¢h3.
O

' — 2.3

&) Y (23)
In certaincircumstances, correction factorgte Equatior2.3aresuggestedXbloc,

2023) These circumstances are presentetiaible2.2 belove.

Table2.2 Correction factors for differemircumstancegAdopted from Xbloc, 2023)

Phenomenon Correction factor on unit weight
Not applicable (as rocking was n
observed during XblocPlus mod
tests)

1.10 for a steepness between 1:30 ¢
1:20

. 1.25 for n ni?2
The foreshore in front of the structure 1.12 or a steepness betwee 0

steep

Frequent occurrence of nedesign wave
height during the lifetime of th&tructure

1.50 for a steepness between 1:15 ¢
1:10

2.00for a steepness greater than 1:
1.50 for a relative freeboard < 0.5
1.25 for a relative freeboard < 1

The structure itow crested

Not applicable [as stability wa
demonstrated in model tests wi
deep water conditions for stabilii
numbers > 2.5]

The water depth is large

1.25 for low core permeability
1.50 for an impermeable core
Not applicable [as model tes

The armour slope is mild (<1:1.5) showed no decrease in stabilit
for milder slopes]

The core permeability is low

11



2.2.2 Toe Design

The stability of the toe section has a great impact on @ristability in coastal
structures and different studies have been conducted on toe design formulations.
Xbloc (2023)suggests using the Van der Meer et al. (1995) formulation to determine
the weight of rock in the toe sectiddue to this situation, the methodology proposed
by Van der Meer et al. (1995) is explained in this secfitwe. equation is presented

in Equation2.4.

O , 8
Yoo & % 0° (2.4)

The parameters given in the equation above are presenfabli®2.3, and these

parameters are explained below.

Table2.3 Parameters in the Van der Meer equation

Parameter Symbol Unit
Significant WaveHeight O a
Relative Buoyant Density y -
Nominal Diameter of the Stone 0O a
Depth of the Toe Q a
Water Depth Q a
Damage Number 0 -

As presented in Equati¢h4andTable2.3, design wave parameter, relative buoyant
density (see Equatidh?2), water depth in front of the toe, and water depth above the
toe are important parameters to deterntiteDnso Of the toe unitslt is noted that

thehy/h ratio determines the suitability of the formula. If this ratio is smaller than 0.4,
the structure tends to behave as a berm structure. Thus, this formula can be applied

whenhi/h ratio is between 0.4 and 0.9.

12



Another importaniparameter Nog, which corresponds to the number of displaced
units in a section, is implementedtire formula(CIRIA et al., 2007)The following
equation represents thiag parameter

VO]
3

(2.5)

As shown above, the number of replaced units during the experiNygrthe width
of the crosssection B), and the nominal diameter of the urlin{g) are used to

determine the stability number.

CIRIA et al. (2007)state thathree different values dfloq areidentified to explain
the start of damagéN¢s = 0.5), damageNod = 2), and failure Noa = 4). Designers

should determine thioq value that is applicable to the specific project.

According to this informationXbloc (2023)suggests using the condition of the start
of damage in the section desigrhe producer also suggests using a minimum of
3Dnso toe berm width and2.s0 toe height while designing a toe of an XblocBlus

armadred coastal structure.

2.2.3 Crown Wall Design

Crown walls provide access to coastal structures for different operations while
increasing the overtopping performance of struct(@RIA et al., 2007)AYGM
(2016) also states that crown wall structures enhance the stability of the crest,
decrease the wave overtoppiigchargeoy increasing the crest height, and provide

inspection pats.

Thus,the stability of this structure plays a crucial rolecoastal structure design.
Two main stability criteria are being investigated to provide aaadestablerown
wall design.These criteria are sliding and overturning, &iRIA et al. (2007)
explainthe gability criteria against sliding (see Equati2) and overturning (see

Equation2.7) conditions.

13



00 O 0 (26)

0 0 0 (2.7)
Parameters given in the stability formulations are giveraine?2.4.

Table2.4 Parameters ithe stability conditions

Parameter Symbol Unit
Friction Coefficient Q -
Weight of the Crown Wall 0 0
Uplift Force "O 0
Horizontal Force 0 0
Moment due to the Weight of the Crown Wi 0 0 a
Moment due to Uplift Force 0 0 a
Moment due to Horizontal Force 0 0 a

To evaluate the stability criteria presented aboifierdnt experimental studies and
formulations exist in the literature to determine forces acting on the crown wall
structures. CIRIA et al. (2007) emphasize thatthese different studies and
formulations on determining forces show significant variati@enir (2023)listed

the most widely used studies on this subject and emphasized that Jensen (1984),
Bradbury et al. (1988), and Pedersen (1996}tfadéeading studies. These studies
give higher results than other formulations in literature by implemehkingnd the
formula proposed by Pedersen 969 is accepted as the most accurate formula to
determine force$CIRIA et al., 2007)Moreover,AYGM (2016) utilizes Pedersen
(1996) in the Turkish National DesigManual Thus, the formula developed by
Pedersen (19963 explained in this section.

Pedersen (1996focused on developing a design equation for crown walls by
conducting 373 physical model tests. During these tests, diffeigamficant wave

height(Hs), peak wave periodTy), water depthlf), crown wall height i), armour

14



crest freeboard), crest freeboar@R:), crest berm widthE), slope of the structure
(cotD), and armar unitsareevaluated to obtain a global equati@hese parameters

and pressure distributioase identified and presentedfigure2.2.

e B i
3
_———
fc F A
R. Far
a, b‘:
y
phl/—ﬂj,l.l r=
a,
roughness, Fv

permeability

Figure2.2. Definition of parameterglaken from Pedersen, 1996)

Moreover, different ranges of rati@se investigated during these physical model
experimentsThe variation of these different parameters and ratios is presented in
Table2.5.

Table2.5 Variations of different parameters and ratios of the s{Baglersen, 1996)

Parameter / Ratio Range Unit
T v 0.107 0.18 a
1= 1.207 2.20 i
i 0.517 0.59 a
k 0.15i 0.33 a
=1L 0.117 0.19 a
1L 0.117 0.37 a
[ 0.18i 0.36 &
*eo < 1.57 3.5 -
Armour Unit Rock, Dolos, Cubes -
Ky 1.17 5.1 -
7 =2 0.57 1.7 -
q 1= 1.01 2.6 -
=%gf” 0.311.1 -
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Measurements (see Sectid3.? of forces for these different parameters have been
analyzedand pressure distribution and hypothetical wedge are presented in the study

as shown irFigure2.3.

Hypothetical
15° wedge
> B
¥
DL ) Real wedge R
.1 i === 77 u
I Yerr " e y :
’ ---------
7V
%8)\ hy v, 2 A,
: A SWL

0.5-p,,

Figure 2.3. Pressure distribution and hypothetical wed@aken from Pedersen,
1996)

To obtain the maximum forcean exceedance probability of 0.1%aitilized in this
study, and formulaaredeveloped in this concer@IRIA et al. (2007)resenthe
formulassuggested by Pedersen (1966otal horizontal forceRH,0.1%) and related
parameters the Rock Manuaknd these formulas are presenteBguation2.87
2.12

To provide consistency, all formul@éSquations B 1 2.14) and parameters given in
Table2.6 are given by following the same notationRelersen (1996).

f] “Q 'Y ﬁs p (“) ( 28)

Yrgp O [ ‘@& (2.9)
i Q¢ | wéli pv

) G "QEICHQ (2.10)

®  a Qo (211)
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Turning moment calculation procedures are also available in this fedgrsen
(1996)provides these formulas as presented in EquaBidiBand2.14
i.‘) hs p T[EB)[DHS p’Q (A,) (213)
Nk p PN (2.14)

Pedersen (1996tates that these formulas are valid in certain ranges of different
parameters. These ranges are presentédbie?2.6.

Table2.6 Limitations of parameters for Pedersen (1996) methoddlGHyIA et al.,
2007)

Parameter Symbol Range
Breaker Parameter , 1.17 4.2
Relative Wave Height ‘0710 0.51 1.5
Relative Rurup Level Y 70 1.07 2.6
Relative Berm Width 0 76 0.37 1.0
Structure Slope WE O 1.57 3.5

2.2.4 Mean Wave Overtopping Calculation

Wave overtopping is one of the most important parameters to determine the
serviceability of coastal structurds.the literature, the most widely used formula to
determine dimensionless overtopping dischasgeovided byEurOtop (2018and
presented in Equatidhl15
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ol T8l @ w N DEB’W (2.15)

Dimensionless ertopping dischargéi¥ "0 ) value is predicted by using the
nearshoréime, roughness factood, influence factor for oblique wavexj, influence

factor @*), and R.. Measured wave height and differdRf valuesare directly
implemented in the formul&®oughness factors differ for different armour units, and
this factor is determined by experimental studies presented in the literature.
Roughness factors for XblocPlus and XblocPlusOvertop units are provided by DMC
and discussed in Secti@m®.3.3

2.3  Experimental Measurementand Analysis Techniques

2.3.1 Armour and Toe Stability

The stability of the armar layer plays a crucial role in the safety and sustainability
of coastal structures. Different armmounits perform differentlyThis situation is
beinginvestigate widely through physical model experiments. Visual analysis with
photos taken before and after the experimé@Békker et al., 2019; Reedijk et al.,
2018; Van Gent & van der Werf, 2014hd assessment of video recordings are
widely used methods in the literature to assess the stabiliiofAand et al. (2023)
stated m their study, Garcia et al. (2013) emphasieereason behind this situation
as difficulties in measuring stresses on a physical model. Howduéand et al.
(2023) propose a new novel approach for rocking measurement with embedded
sensors. According tdofland et al. (2023)determining rocking by visual methods
can be possible when the rocking angle is higher t#a®B the other hand, less
than 0.Arocking angle can be detected by using embedded seéhrkiftand et al.,

2023) However, placing the unit with sensors on the ammayer has some

18



limitations. A new unit should be prepared with space inside of it to place sensors

which is challenging

Another method to determine rocking and extracting in the artager is profile
measurementtaser meter measurements are used to record profiles before and after
the experiments to obserdamagen the armar layer. However, this method is
applicable to rock layers, it cannot be used for artificial concrete units accurately.

The toe section of a coastal structure provides support for thendayer, increases

the stability of this layer, and protects the structure against damage due to scour at
the toe locatiorfVan Gent & van der Werf, 2014¢Generally, quarry rocks are used

to provide safe toe design in coastal engineering applications. Damage criteria and
formulas (see.Section2.2.2 are being evaluated by physical model experiments.
Similar methodologies with armo stability measurement techniques can be used
for the toe section.

Although recently developed measurement techniques provide high accuracy, these
studies have some limitations regarding the unit types and require the usage of
special equipment. Therefore, most of the studies in the literature on stability and
rocking comlitions of armaor and toe layers utilizéhe assessment of visual

recordings and profile measurements.

2.3.2 PressureMeasurements on Crown Wall

As stated in Sectio.2.3 crown walls are important sections of coastal structures
due to wave overtopping and stability performances. Thus, understanding the design

procedures with forces acting on these structures is widely studied in the literature.

Bradbury et al. (1988)conducted physical model experiments to measure
overtopping discharge and wave forces acting on the crownAvphysical model
with a crown wall structurand impermeable corginstalled in front of a 1:52 slope.
Different crown wall heightaretested during the experimenBessure transducers

are used to obtain pressure distribution on the front face of the crown wall.
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Horizontal forces acting on the crown watemeasured by the force table designed
with four foil strain gauges. Measured for@eaveraged along the test section to
obtain a distribution antbw-pass Butterworth filter with a cuff frequency of 5

Hz As a final resultBradbury et al. (1988)resent pressure and force distribution

on a crown wall for different wave conditions and cross sections.

Pedersen (1996@ntroduced the most widely used formula on crown walls by his
physical model experiments. With théifferent crosssections and different
parameters explained in Sectidr2.3 pressure measuremeargconducted in this
study.Four different aluminum plates with different heighte selected as crown

wall material in these experimenBedersen (1996}ates that using a dynamometer

to measure the forces on the crown wall causes errors, so using pressure transducers
is preferred Pressure sensoaseplaced in the holes in front of the aluminum crown

wall models.256 Hz of sampling rates applied to be able to record all evers.

small meshs implemented in front of the sensors for protectiimee of the largest

wave impactsrerecorded and analyzed during the experiments.

Martin et al. (1999jocused on the effects of breakiwgves on the forces acting on
crown wallsand designed the model such thtae wavebreakingphenomenon
occurs on the structure sieMonochromatic waveareapplied to the experimental
setup, and additional experimermiie conducted with irregular wave serieirain
gaugeswith the 120Hz sampling rateareused to record pressure, and four gauges
areplaced on the crown wall basement, while eight gaageplaced at the front

face of the crown wallMartin et al. (1999)explain the pressurdistribution
characteristics in the study and present horizontal and vertical distributions with the

gauge placement configurations.

NBr gaar d ermphasite.thdedereeh L9963 not applicable for shallow
water conditions and determines the wave loads higher than the natural conditions in
shallow water. ThusNorgaard et al. (2013)roposed a modified version of the

existing formulas in the literature by physical model experim&atsilar to previous
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studies, both horizontal and vertical pressure distributoesecordedThe layout

of the sensor placemensspresented ifrigure2.4.
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Figure2.4. Pressure sensor placemént ak en from NRBrgaard et

Pressure sensoaselocated as shown in the figure above, and recaresbtained
with a sampling frequency of 11z Similar to the other studies low pass filter

applied to the row data with a eoff frequency of 25z

Demir (2023)evaluated the effects of different arananit configurations on forces

acting on the crown wall. Similar to the other studies, pressure semgbra

sampling rate of 12.%Hz are placed on the crown wallThe placement of these
sensorss similar to the locations given iy 3 r gaar d dseeFigure24).( 201 3)
The crown wall modeis designed with spaces to locate the pressure sensor group,

and the mechanisallows researchers to change the location of sensisis, a thin

meshis used to protect th@ressuresensors from external damage similar to
Pedersen (1996 hree different crown wall heightre evaluated \ile changing

armaur layerunits as rock, Antifer and tetrapods.
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In summarygcrown walls enhance the overtopping performance of a coastal structure
and provides usage area on a structure. Thus, researchers emphasipertaace

of the design process of crown walls. However, knowledge of the effects of different
artificial units is limited in the literature. Measurement methods are similar and

consistent for different studies.

2.3.3 Wave Overtopping

The overtopping performance of a coastal structure determines the serviceability
performance of the structure. There are widely used methodologies to measure

overtopping in literature.

Pillai et al. (2017)ntroduced an overtopping collection system with a chute and a
collecting box at the back side of the struct&i#ai et al. (201 7areable to transport

the overtopped water from the chute to the collecting box, and the amount of water
is measured with relative ease. This setm@pplied to a berm breakwater, but

measuring the wave overtopping can be considaretar for any coastal structure.

Schoonees et al. (202&pnducted wave overtopping measurements for estalle
stepped revetment mod@l.chuteis installedto collect the overtopped water in the
bin located at the back side of the structure. Load ee#isised to determine the
weight of the total overtopped water. Measuring the weight of the total overtopped

water enablé Schoonees et al. (202b)calculate the mean overtopping discharge.

NRBr gaar d dacus anlthe wgve dvdrtdpping phenomendmamp and a
collecting box for overtopped watareinstalled at the back side of the structure,
similar to the mean overtopping measurement methods explained abiowe.

measurement setup of this study is present&igimre2.5.
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HQND Resistance type surface-

Figure2.5. Measurement setup for wave overtoppmotyme( Taken from NRBr g
et al., 2014)

The overtopped watés collected in the overtopping box by using a ramp, aadew

overtopping volumearemeasured by wave gauges placed in the collecting box.

Molines et al. (2019)ocus on wave overtopping, crown wall stabiliaznd armar
layer stability in their researclA similar setup withN3r gaar d eis al . (

implementedand the setup is shown kigure2.6.

Figure2.6. Measurement setup for wave overtoppengntg Taken from Molines et
al., 2019)

As shown inFigure 2.6, a chute and a collecting baxeimplementedContrary to

NRBrgaar d e Molired et al. (2D1®)usé)lgad cellsto observe wave
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overtopping events. In this study, these eventsdatermined by evaluating the

changes in load cell measurements.

Similar to these studieKoosheh et al. (2022)stalled a chute and a collecting box

on the physical model to measure individual wave overtopping volantsiean
overtopping dischargeTwo wave gauges (sdegure 2.7, WG6 and W) are
installed at theollectingboxto measure cumulative wave overtopping voluiiiee

wave overtopping measurement system proposed by this study is similar to other
studies, but it is modified and more recent. Details of this system are shbigaiia

2.7.

0.5m Camera

0.25m — o "

Collecting box WGs WG4 - / 2m 0.8m 0.6m

- - - >

WG7 WG6

WG3 WG2 WGl

Chute

1A Sunng

Figure 2.7. Wave overtopping measurement syst@aken from Koosheh et al.,
2022)

By this experimental setupoosheh et al. (2022neasured the mean overtopping

and individual wave overtopping events. Modifications such as additional wave
gauges and modified chute are shown in the figure. On the other hand, chute and
collecting box systemareutilized in other studies mentioned above. Alsopsheh

et al. (2022emphasize that camera recordings are useful to control the quality of the

recordings.

Erler (2023)also used a similar method kaosheh et al. (2022p terms of wave

gauge locations, box and chute properties, and camera positi&lag.(2023)
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observed mean overtopping and individual wave overtopping events with this

experimental setup.

In summary, measuring wave overtopping and understanding the interaction
between this phenomenon and structure plays a crucial role in providing a safe,
serviceable, and sustainable design. The methodologies utilized in the literature are

mostly similar ad consistent.

2.3.4 Wave Overtopping InducedScour at the Lee Side

Excessive scour at the lee side of coastal revetments might cause different types of
damagesAs Yél dér ém eekplaia in .their(study@ule)y et al. (2024)
emphasize that thecour at the lee side causes a reduction of support for crest
elements, and this situation leaddddure on the crown wall and crest unifdso,

Thomas & Hall (2015) state that about 5% of damages on seawalls in the UK are
caused by wave overtopping induced scour at the lee side of structMrés| d € r é m
al., 2024)Due to the importance of this phenomenon on structure stability, different
studieson overtoppingnduced scour and erosidmve been conducted in the
literature.However,Senturk et al. (2023tate thascour at the rear side of coastal
revetmentss studied limitedly in the literatur&hese studies are presented in this

section as follows.

Senturk et al. (2023)onducted numerical simulations on scour at the uncovered rear
side of a coastal revetmefithe numerical simulationsreconducted based on the
physical model experiments (Yaman, 2022) performed for three different wave
conditions. The mean overtopping volumes and backfill profilesmeasured to

observe the scour at the lee side of the structure.

M° | | er e investigated theFallubeanechanism of gddeswith largescale
experimentand statedhat damages due to wave overtopping also depend on soill
properties. Thus, the relation between wave overtoppiage overtoppingnduced

scour, soil propertiegnd thefailure mechanism of a structuseinvestigated in this
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study.Overtopping measurements and damage anatyee®pnducted at the same
time in this largescale experiment. Overtopping measuremeaneconducted by

similar methodologies presented in Sec2o8.3

Van Der Meer et al. (200@eveloped a new approach to evaluate wave overtopping
induced damages on dikeand state that sufficient information about the wave
overtopping phenomenon exists in the literature. Thus, they propose using the wave
overtopping simulator to create an artificial wave overtopping event without creating

waves in a laboratory environment. $lsiystem is presentedhigure2.8.

Figure2.8. The wave overtopping simulat@raken from Van Der Meer et al., 2006)

Van Der Meer et al. (200&ate that realistic overtopping events can be simulated
by this deviceMoreover,studiescan be conductedith less experiment budget than
completing these experiments in large wave flubheasing WOS

Bomers et al. (2018¥tate that understanding the behavior of road structure on
erosion due to wave overtopping is importaBbomers et al. (2018%how that

existing road structure increases the erosion rates of theagresm®ed dikes. To
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show the relation between asphalt cover and erosion, hydraulic and erosion
experiment@areconducted seperatelin this study, the wave overtopping simulator
(seeFigure2.8) introduced by/an Der Meer et al. (200689 implemented to simulate

the overtopping eventLaser scanning deviceare implemented to determine
erosions during the experiment§hese physical model experiments aiso

numericallymodeledoy computational fluid dynamicsmulations

Yél déer & m fecusomadcaur a(tte (@ sddg of a coastal revetment by physical
model experimentsandmeasured mean overtopping discharge and scour at the lee

side at the same time.

Overtopping tank /('}thter Revetment  Wave gauges Wave generator

\\ s / /-’ \\ e i
'h%‘k h ]ljﬂ] ] & | -=- ] 7
/\ 7 1:20 L U.fla m ' /
Backfill ‘ J
43 m fid m 1.0 _\'—l

- 44m -It'lié-
Figure2.9. Expeimental setup to measure mean wave overtopping discharge and

Wave absorbers Slope/

62m 08 20m

scourf Taken from Yéldérém et al ., 2024)

As shown inFigure2.9,Y é | d é r €é m @datedawlaves b Rstoretypgwave
generator and measured mean overtopping by implememgoger similar to the
methods presented in Sectiar8.3 The scourat the lee sidés measured by laser

Sensors.

In addition to laser distance meter measuremenégsuringthe scour depth by
implementing metric sticks in the backfill regi@na common and accepted method

in the literature.

In summaryunderstanding the scour mechanism is important to enhance the stability
performance of coastal structures in terms of sd¢dsing laser sensors is a common
application in literatureOn the other handjsing metric sticks is applicable to
measure the maximum scour depth and scour at the regular intervals of the wave

series.
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CHAPTER 3

METHODOLOGY

In this chapter, thedesign procedure of the structurexperimenal setup,
measurement methods, and analysis methods are explathegeparts In the first

part of this chaptethe design procedures of the armour layer, toe section, and crown
wall are explained. Moreover, storm conditions for the project area are presented.
The determination of scais described in the second part of this chapisrstated

in Chapter2, the stability of the armour layer and toe section, forces acting on the
crown wall, mean overtopping volume, and overtopping induced scour at the lee side
of the structureare evaluated in this study. Measurement and analysis methods of
these different types of tests are introduced in the second partvave conditions
created in the wave flume are also presented in this Ipattie third partof this
chapter the experimental programnd crosssectionsof the physical model are

presented.

3.1 Design of the Coastal Revetment Sectiomsmd Wave Conditions

Threedifferent crosssections, armoured with XblocPfusinits, are considered in
this study, namely AAAA2, andBB (two sections with differen. values) The
designs of AA and BB crossections are carried out by Dolfen Consultancy
Engineering Inc. at different water depths. On the dihed, the crossection AA2

is a variation of the crossection AA, where the crest heigiR) is decreasedlhe
designs of the crossections are presented in terms of armour, toe, and crown wall
design in this sectiodll information in this part is provided by Dolfen Consultancy

Engineering Inc. for this consultancy project.

The mass of the armour umétdetermined by the formula provided by DMC (see
Equation2.3). The density of XblocPlsand water are used as 2.4 ¥amd 1.025
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t/m® relatively. As a result, the calculated armour unit mass for the prototype

(Mprototypd given by Dolfenis presented iffable3.1 for different crosssections.

Table3.1 Armour unit sizes for prototype

AA and AA2 BB
Mprototype(tOﬂS) 43.2 33.6

Toe designis conducted by following the Van der Meer (1995) methodology
presented in Equatic®4. The density of the rock and water are used as 2.65 t/m
and 1.0 t/m?, respectively.The stability numberNog (SeeSection2.2.2), mean

nominal diameter®nso), and mass of the toe unM) are presented ihable3.2.

Table3.2 Parameters for the toe section

AA and AA2 BB
Nod 0.50 0.70
Dnso (m) 1.39 1.39
M (tons) 7.10 7.10

It is decided to used(i 6) tons of rock for the toe section for alosssectionsto
provide continuity of therosssections along the coastal revetmexdditionally,
evaluating the performance of 10 tons of cube bloskslecided during the
experimentdor different crosssections as explained in the forthcoming sections
The mass of the cube blocks as toe uistdetermined by following the same

procedure explained above.

The design of the crown wal completed by following theuggestions oKbloc
(2023 andAYGM (2016. Themethodologesaregiven in Sectior2.2.3and utilized

for the crown wall design

Storm conditions of the project sitege determinedby conducting wave statistics
analysespreviously conducted by METU2020. For each crossection, wave

heights with a 1our exceedance probability per yeBd) and wave heights with
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a 5year D2), 50year P3), and 106year return period (LWLD4.1,HWL: D4.2)

are specified D1 and D2 represent relatively frequent storm conditiom®3
represents a significant storm condition, dl1 and D4.2 represent the design
storm conditions.Additionally, a 90% upper confidence level for the wave with a
100year return periodl5) is determined for the testsvhich is referredo as an
overloading conditionMoreover, an additional three wavel6( D7, D§ with
higher wave heightareselected during the planning of the experiments in order to
increase the data for the experimental stydigsch are actually out ahescope of

the design of the crossectionsStorm conditions anddditional wave$or the region

are given infable3.3.

Table3.3 Wave conditions for the region in prototype scale

Exceedance Probability/ Storm
Return Period Amo(m) Ts) Duration (h)
D1 10 hours/year 54 9.65 6
D2 5 years 6.9 10.32 8
D3 50 years 8.1 11.21 10
D4.1 100 years 8.6 11.52 10
D4.2 100 years 8.6 11.52 10
D5 100 years 9.2 12.00 10
D6 - 114 11.13 -
D7 - 12.6 11.84 -
D8 - 135 12.42 -

3.2  Physical Model Experiments

Mainly, three different sectionsSéctionAA, SectionAA2, and SectionBB) are
observed in this studyifferent cases by changing theest berm widthGc), crest

freeboard R), toe units, and armour configuratioa® introduced and explained in
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this sectionMoreover, details on scale, model wave conditions, experimental setup,

and measurement methods are presented.

3.21 Scaling of Coastal Revetment CrosSections

Froude Law isused to model the coastal revetment in the wave flassuggested

by e.g.Hughes (1993)Froude number @nondimensional parameter that shows the
ratio between water particle velocity and shallow water group velocity and is
identified as the ratio between water particle veloaiyahd the multiplication of
gravitational accelerationg and water depthhj. This relation is presented in

Equation3.1

0 —= (3.1)

According to this law, Froude numbers for the prototype and model should be equal
to each other. The geometrical similarity between the prototype and model is
obtained by using the model sca&)( and the time scalexf is obtained by the
square root of the length scale. The length scale and time scale of a physical model
are presented in EquatioB®a and3.2h.

- ~ (3.2a)

_ S _ (3.2b)

To determine the weight scalay), Hudson's (1979) methodology is used for this
study by equating the stability numbers of the prototype and model of the coastal

revetmentThe weight scale of a physical model is presented in Equ@tion

p
p

5¢
b’
0%«
—_—
b’
0«

I
I - - (33)

=y
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In Equation 3,7  andl { unit weights of stone in model and prototype scales,
[ p andl j unit weights of water in model and prototype scalasaddition,

Burcharth (1999) is used to scale the core layer to minimize the scale effects due to
viscosity.

By following these methodologies, two different length scalesselected for
different crosssections and presentedTiable3.4, considering the wave conditions
and flume characteristics which are discussed later in this ch@ptes, the same

XblocPlug unitsareused in the experiments.

Table3.4 Model scales

AA and AA2 BB

& 65.693 60.414
{ < 8.105 7.773
Yo oPp Bp T @ pEFpmM

Selected scalemeused to design the mod®sed on the parameters given in Section
3.1

3.2.2 Experimental Setup

The physical model experimergseconducted at Middle East Technical University,
Department of Civil Engineering, Coastal and Ocean Engineering Laboratory. The
flume is 26.9 meters long, 6.0 meters wide and 1.0 meter deep. For the experimental
setup, the flumés divided intotwo 0.9-meterwide parts, and a crosection of the
coastal revetmens built in one ofthese narrowemner channels ofthe flume.
Irregular wave serieare created by a pistetype wave generator, and a passive
absorption systens installedat the end ofhe flume. The general view of the flume

is presented ifrigure3.1.
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Figure3.1. General view of the wave flume at Middle East Technical University.

A foreshore slope of 1:318 constructed to represent the bathymetry of the project
site. A total of D wave gaugeswWG) areplaced to record water surface elevagion
(d). The coordinate system identified to symbolize the experimental setup more
systematically. As shown iRigure 3.2, the xdirection represents the horizontal
distance, and thedirection represents the vertical distance from the starting point.
The starting points determined as the wave generator for tkeirgction and the

still water level for the direction.

As statedabove three different cross sectioagebuilt in the wave flume. However,
SectionsAA and AA2 areapplied to the same experimental layout, and two different
setupsaredesignedy decreasing thB: for Section AA2for this study Side views

of the physical models are shownrFigure3.2.
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Figure 3.2. Side viewof the physical models in the wave flume; a) Cross sections
AA and AA2, b) Cross section BB.

The irregular wave seriesre measured by usingVG1l WG2 WG3 for offshore
conditions andV&4, WG5, WG for nearshore conditions. The location of wave
gauges located nearshaseletermined as 1.5 wavelength) far away from the toe

of the structure, and wave gauges located offsameplaced 1.9 away from the
wave generato(Goda & Suzuki, 1976)With the data obtained from these wave
gauge groups, reflection analysesconducted by following the method suggested
by Baldock and Simmonds (199%9robe spacing is an important parameter for
reflection analyses, and spacings are determined by following the methodology
provided by Goda and Suzuki (19786pacings are given ihable3.5.

Table3.5 Probe spacings

WG WG1-WG2 WG2WG3
Distance (cm) 30.0 32.0

WG WG4WG5 WG5WG6
Distance (cm) 33.0 35.0

Six irregular wave seriemegenerated for Section AA amiheirregular wave series

areutilized for SectionAA2. A total of eightirregular wave serieare applied to
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SectionBB. Wave conditionsare selected to reflect the storm conditions of the

region presented ihable3.3.

By using the length scale values given in Sec8iéhl, model wave parametease
created, and experiment durati@edetermined by using the time scale with storm
duration informatiorgiven inTable3.3. The targeted values of the model waves to
reflect the wave conditions in the project site are presentéalhle3.6.

Table3.6 Desired wave parameters in the wave flume

Section Wave Cond. Hmo (M) Ts(s) Duration (s)
D1 0.082 1.191 2664.98
D2 0.105 1.273 3553.31
AA D3 0.123 1.383 4441.64
AA2 D4.1 0.131 1.421 4441.64
D4.2 0.131 1421 4441.64
D5 0.140 1.481 4441.64
D1 0.089 1.242 2778.98
D2 0.114 1.328 3705.30
D3 0.134 1.442 4631.63
5B D4.1 0.142 1.482 4631.63
D4.2 0.142 1.482 4631.63
D5 0.152 1.544 4631.63

For theadditional wave condition®g, D7, Dg, wave seriearecreated with more
than 1000 waves. The measured wave paramietecsfshore conditions bWG1,
WG2 andWG3 are presented iflable3.7 (Section AA),Table3.8 (Section AA2)
andTable3.9 (Section BB)
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Table3.7 Measured incidenwave parameters for Section AA

Hmo Hmax Tm10 Ts N
D1 0.092 0.162 1.085 1.065 2557
D2 0.108 0.180 1.103 1.093 3422
D3 0.128 0.199 1.191 1.180 3978
D4.1 0.137 0.200 1.232 1.226 3809
D4.2 0.137 0.200 1.233 1.226 3786
D5 0.154 0.241 1.296 1.299 3640

Table3.8 Measured incidenwave parameters f@ection AA2

Hmo H max Tm-1.0 Ts N
D1 0.099 0.178 1.101 1.059 2564
D2 0.115 0.196 1.127 1.094 3413
D3 0.134 0.203 1.219 1.183 3930
D4.1 0.148 0.218 1.262 1.230 3792
D4.2 0.147 0.213 1.267 1.229 3787
D5 0.163 0.239 1.334 1.305 3610
D6 0.173 0.244 1.385 1.373 1089
D7 0.192 0.254 1.463 1.461 1098
D8 0.205 0.257 1.495 1.532 1097

Table3.9 Measured incidenwave parameters for Section BB

Hmo Hmax Tm-1.0 Ts N
D1 0.098 0.180 1.300 1.295 2550
D2 0.114 0.197 1.349 1.334 3157
D3 0.136 0.233 1.401 1.433 3841
D4.1 0.143 0.245 1.416 1.432 3791
D4.2 0.141 0.245 1.463 1.494 3720
D5 0.157 0.220 1.525 1.539 1076
D6 0.191 0.248 1.556 1.578 1401
D7 0.216 0.262 1.582 1.629 1401

All generated waves presented in the tables alamgeompared with Rayleigh
distribution by nordimensional histograms of the recorded wave heights. In general,
the measured timseries are in reasonabbood agreement with the Rayleigh
distribution. More deviations between histograms and Rayleigh distribudien
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observed for additional waves (D6, D7, DBuring the generation d6, D7, and

D8 waves breakingin front of the wave generat@observedThis situation cause
deviations betweethne histogram and Rayleigh distributioAn example analysis is
presented ifrigure 3.3 for the D5 irregular wave series for Section BB. The results

for other wave conditions are given in Appendix A.
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Figure3.3. Nondimensional histogram: Section BB5 irregular wave condition

Mean overtoppingolume measurementare conducted usingVG78-9-10, gutter,

and overtopping tank shown kigure3.2.

Since different measuremerarge completed during experiments, a lighting system
is placed into the experimental setup to follow the different measurements more
systematically. Four different coloeseused to represent camera recordings, wave
gauge recordings, pressure recordings, and the initiation of the wave generator. In
addition, all experimentsare recorded by using cameras placed in two different

locations. The lighting system and cameras are presenkeglure3.4.
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Figure3.4. Instruments used in experiments; a) Lighting system, b) Cameras.
3.2.3 Measurement and Analysis Methods

3.2.3.1 Stability Measurementsand Analyses

There are different methods to observe the stability performance of the structure (see
Section2.3.]). In this study, the visual inspection of the toe and armour layer is
conducted by placing two cameras to analyze the stability conditions. Although the
profile measurements and embedded sensor methods give more accurate results,

implementing these metholbgies is not applicable to this study.

During the stability tests, cumulative damages on the toe and armouratmits
observed. Storm conditions for the region (§able3.3) areapplied and the model
is not repaired between the experiments. As stated in Se&tpadditional wave
conditions are tested separately. The modslreconstructedbetween the storm
conditions and additional waves. The same procedudodowed for the additional
waves,; between these experiments, the mdelot repaired, and cumulative

damagesredetermined.

As stated in Chapt&), damage level can be represented by damage nuik&giof
percentage damaghld). In this study, both parameters are calculated by following
theformulas presented in Equatior®s4 and3.5.
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(3.4)

(3.5)

In Equations 3l and 35, Nt is the number of replaced units during #eriment,

B is the width of the crossection Newtar is the total number of units, afdhsois the
nominal diameter of the uniDifferent Nr valuesareobserved during the tests and
these values are presented in Chapt&hé.width of the crossection is 0.9 meters,

and he total number of units used in different sets of experiments is presented in
Table 3.10. An example procedure to determine the number of replaced units is

shown inFigure3.5.

Table3.10 Number of units used in experiments

Cross-Section Armour Unit Toe Unit
XP XP-OT Rock Cube
161 23 713 i}
AA 184 - 713 -
161 23 693 -
AR2 184 - 693 -
173 : : 385
5B 173 - - 402
173 i 697 §

Figure3.5. An example stability analysis for section AA
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All detected damages, results, and discussions are presented in @hapter

3.2.3.2 Pressure Measurementsand Analyses

Forcesacting on the crown wall are measuredHkigtler Type 601C Piezoelectric
Pressure Sensor3o obtain reliable measurements and avoid changing pressure
values, no damage on the crown wall should be observed during the experiments.
Due to this situation, the crown wall model is fixed take relevant pressure
measuremenidMoreover, the crown wall model marufacturedwith a material

named kestamite. This material provides corrosion resistance and durability for long

experiment durations. The crown Naodel is presented iRigure3.6.

Figure3.6. Crown wall model

Horizontal(face of the crown wallpressure measuremeateconducted during the
experiments.Four locations for horizontal forceare determined to measure
pressuresPressure sensors are calibrated by the producer by default, and sensor
locations are determined by following the Demir (2023). All sensor locations and

distances between pressure sensors are presented in Figure 3.7.
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Figure3.7. Pressure sensor locations

Because of thesdifferent measuremeniocations spaces for the pressure sensor
block on the face and bottom of the crown veak created. The spaces are closed
with aluminum blocks to preserve the geometry of the crown wall, as shown in
Figure3.6. Four pressure sensagegrouped in an aluminum apparatus to place the

sensors on the crown wall easily.

Kistler suggests using a minimum of 12.5 kHz of the sampling rate, and this
suggestionis applied to the experimental measuremeAisalyzing the pressure
measurements requires filtering and downsamplingaelata recorded with a 12.5

kHz sampling rateLamberti et al. (2011pmphasize that usinggigh-frequency
pressuredatamay cause the overestimation of the forces acting on the structure.
Recording the data with higirequency sampling rates shows the local effects on the
individual pressure sensor. This local effect should not be taken into account while

integrating theoverall force adghg on the structure

As applied in similar experimental studies B3 r gaar d eand Demir (2013)
(2023) based on the discussions of Lamberti et al. (201§ downsampling

frequencyis selected as 1250 Hanother filteris applied to the row data to eliminate

noise. Spectral distributiorsseevaluated and the noise at a frequency of 5@ritlz

multiples of this frequencisyobséreed. Thus, 00 Hz,
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Butterworth lowpass filteris applied to the data with 50 Ha avoid noises during

analyses

For the analyseand comparisomf the pressure dathl3r gaar d eahd al . (2
Pedersen (1996) formulatioase selectedThe pressure daia converted to force

and momentum values by followinlRr gaar d e tmetlodlology ( 201 3)
Extrapolation determines pressures acting on the bottom and top points of the crown

wall, accordingo this methodology. Total forces and momentum are calculated by

following the Equation8.6/ 3.9.

y'0 %’Q 0 0 (36)

no S’,no (37)
P, .. P, Q. § § §
) QQ -0 20 0 0 Q (3.8)
0 Y0 (3.9)

Parameters given in the equations above are preserifadlaB.11.

Table3.11 Parameters used in Equatidh6i 3.9

Parameter Symbol Unit
Pressure O kPa
Distance Between Sensor Q m
Force per UniwVidth YO kN/m
Total Force per Unit Width O KN/m
Moment Y0 kN.m/m
Moment of the Total Force 0 KN.m/m
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Pedersen (1996) and Demir (2023) state that determining vertical forces acting on a
crown wall has some limitations due to the high variations of the scatter obtained by
experimental measurementdoreover, these forces are generally determined by
triangular distribution based on a value at the bottom corner of the crown wall. Due
to the experimental limitations, vertical forcase not measured, and horizontal
forces acting on the crown wadlre evaluated in this studyAll results and

discussions are prested in Chapter 4.

3.2.3.3 Overtopping Measurementsand Analyses

Mean overtopping volume measuremearts conducted by implementing gutter
and an overtopping tank, similar to other studies in the literédeeeSectio2.3.3.

The collecting system of overtopped water is presentédyure3.8.

Figure3.8. The collecting system for wave overtopping

As shown inFigure 3.8, a gutteris placed on the crown wall at the same level. The
width of thegutteris determined as 1&m. Overtopped wateis collected by this
equipment, and transferred to theertoppingtank Theovertopping tanks placed

in a protected area, and a puisplaced inside theank Due to the long experiment
durations, collected watés transferred to the measurement box when the capacity

of the overtoppindgankis full. The total overtopped water during the experiments
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calculated by weighting the collected water amelasuring the water level changes
inside the overtopping tankloreover, two cameraareplaced on the crossection

to control the quality of the experiments, as Koosheh et al. (2022) suggest.

Since the design formwain the literature require the determination of mean
overtopping dischargej) values for the region, results are presented by converting
the measured datad@oWith the overtopped water volume, experiment duration, and
width of the gutter information, the mean overtopping disch&galculated for

eachexperiment.

Overtopping performances of XblocPfusand XblocPlusOvertdp units are
evaluated by following the measurement methodology explained above and

following the methodology suggested by Bakker et al. (2022).

The prediction formula ifcurOtop (2018)s utilized to compare the measurement
results The formula is presented in Equati®ris Since theras no obliqgue wave
attack during the experiments,valueis used as 1factors are given by Bakker et
al. (2022) as shown irFigure3.9.

0.46 T T T . .
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0.44

. 0.43
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042 — — — — -

0.41

04 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3

RC/ Hm 0

| —— XblocPlus XblocPlusOvertop |

Figure 3.9. Roughness factorg&x) for XblocPlu§ and XblocPIusOvertd?p units
(Adoptedfrom Bakker et al., 2022)
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As shown inFigure 3.9, & value is given as 0.45 for XblocPfysandthe varying
values of & is between 0.42 and 0.41 for XblocPIusOvethmits. By considering
the study, o values are selected as 0.45 and 0.415 for XbloEPlarsd
XblocPlusOvertop, respectively.

Bakker et al. (2022) state that a good fit is obtained by using the roughness
coefficients presented above. Thus, theoretical overtopping discharge aedues
calculated by using these factors to compare the measurement results. All results are
presented in Chapter 4.

3.2.3.4 Scour Measurementsand Analyses

Overtoppinginduced scour at the lee side of the coastal revetrmevaluatedoy
profile measurements with a Bosch GLM 100C laser distance metestated in
Section3.2.2 the width of the crossection is 9Cm. Five profilesare measured
within the crosssection width.The profile sectionaredetermined within d5-cm

intervals andmeasurement points are presentelligure3.10.
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Profile 5

Profile 4

Profile 3

Profile 2

Profile 1

Figure3.10. Scour measurement profijes) Topview, b) Sideview (The figure is
notto scaled)
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Blue lines represent the measurement points of each profigure3.10, and it is

shown thatmeasurementare conductedwith the ax = 1 cmintervalsalong the

profiles before and after the experimenthe measurement setup is presented in
Figure3.11.

Figure3.11. Profile measurement setup

All measurement datés visualized and analyzedsing homemadeMATLAB

routines Scour depths for different profileare computedindividually and on
average for different wave conditions and crssetions (see Sectiod.l). An
example visualization of experimahtata is presented Figure3.12.
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Figure3.12. Visualization of experimental dafar Section BB, D8
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Silica sand witha mean diameter of 1.68m and abackfill depth of 22.9&m is

used to reflect the backfill material that will be placed in the prdeasured scour

deptls using the Lshaped crown walior different wave conditionare compared

with the equation pr opgwendodanlishaped&bwhér em e
wall. The crown wall shapes tested in Yeéelder

described in Figure 331 and he equation is presentedHquation3.1Q
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) N
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L HAHHENH
hod e, ieses 5
5
s, //\/)/\//\ N
QAR \\‘Qﬂ\&\\\
NI \\//\\// R LR R PN
a) \@\//\\\///\Z/} SN

ae— O 00, casl 05 oad (3.10)
As shown in the equation above, dimensionless scour depth is calculated by the
densimetric overtopping dischargg), number of waves in the wave seris, @nd
dimensionless backfill depthhddsg). The densimetricovertoppingdischargeis

calculated by following the Equatiéhll

(3.11)

Yy

N
| 5~

Coefficients shown in Equation1d. are presented ihable3.12.
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Table3.12 Coefficients for EquatioB.10(Adoptedf r om Y él dér)ém et
Condition N < 3000 N < 7000
BO 0.201 0.196
Bl 0.893 0.909
B2 0.119 0.222
B3 0.163 0.168
B4 -0.204 -0.197

In summary, dimensionless scour depths for the experimental aetoplculated

by utilizing the mean overtopping discharge results, number of waves, backfill depth

and diameter of the backfill material for the different cyesstions.The resulting

computations and comparisons with experiments are presented in Chapter 4.

3.3

Details of the CrossSectionsand Experimental Program

A summary of the physical properties and scale of different s®stsons is

presented iTable3.13.

Table3.13 Summary of scales and stone sizes for all esestions

Crosssection AA and AA2 BB
Prototype Model Prototype Model
z. (kg/md) 1025 1000 1025 1000
Zo . (kg/m?) 2400 2360 2400 2360
M xblocPius® 43.2 154 33.6 154
Filter 1* 4-6 12.518.7 4-6 16.023.9
Filter 2* 2-4 6.2-12.5 2-4 8.0-16.0
Filter 3* 1-2 3.1-6.2 1-2 4.08.0
Filter 4* 0.4-2 1.36.2 0.4-2 1.68.0
Core* 0.00%0.4 0.021.3 0.0010.4 0.21.6
) 65.693 60.414
! < 8.105 7.773
Yo oPp Bp T ®pEpm

*Tons in prototype, grams i

n model scale
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By using the information provideabove crosssectionsareconstructedor different

test configurations.An example crossection for the experiments is presented in

Figure3.14.

Figure3.14. Example crossection for the experiments

Due to the different test conditions explained above, different cross seat®ns

constructed in the wave flume. Two creasstions for section AAwo sections for

AA2, andthree sections for BBretested in this study. These different crgsstions

are presented in Appendix, Bnd different parameters used for the sections are

explained inTable3.14.

Table3.14 Crosssection variations

_ Exp.  Armour Toe hs htoe Re Ge
Section _ _
Set Unit Unit (m) (m) (m) (m)
XP
AA 1,3 Rock  0.228 0.158 0.166 0.235
XP-OT
AA 2,4 XP Rock  0.228 0.158 0.166 0.235
1,2, XP
AA2 Rock  0.260 0.190 0.134 0.235
3,6 XP-OT
AA2 4,5 XP Rock  0.260 0.190 0.134 0.235
1,2,
BB 4 XP Cube 0.175 0.092 0.159 0.235
BB 3 XP Rock  0.175 0.102 0.159 0.235
BB 6 XP Cube 0.175 0.092 0.159 0.120
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A total of 127 experimentare conducted forthree different crosssections with
seven variations and6 sets. During these tests, different configurati@me
consideredas shown imable3.14. In SectionAA, wave overtoppingand stability
analysesare conducted with and without XblocPlusOverfopnits Effects of
different toe units andsc on stability, forcesacting on thecrown wall and
overtopping performance of the structame observed in section BB. Moreover,
overtopping induced scour at the lee side of the strudteserved in this section.
Section AA and AA2 represeatdeeper structure depth than Section BBferent
armour layer configurationsreobserved in section AA2. Moreovéhe effects of
different R; values on the performance of the structameobserved by comparing

section AA and section AA2.

The experimerati programs and explanationfer different crosssections are
presented inrable 3.15 (SectionAA), Table 3.16(SectionAA2), and Table 3.1
(Section BB) XblocPlug and XblocPlusOvertdpunits areéndicatedas XP and XP
OT in these tables.

Table3.15 Experimentprogram for section AA

Cross Armour Wave

Section Set Unit Toe Unit Conditions Test
D1, D2, D3 Wave Overtoppin
1  XP,XP-OT Rock D4.1 D42 eriopping
Stability
D5
D1, D2, D3 .
2 XP Rock D4.1D42 WaveOvertopping
Stability
AA D5
D1, D2, D3 Wave Overtoppin
3  XP,XPOT Rock D4.1,D4.2, eriopping
Stability
D5
D1, D2, D3 .
4 XP Rock D41 D42 ‘WaveOvertopping
D5 Stability
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Table3.16 Experimentprogram for section AA2

Cross Armour Wave

Section Unit Toe Unit Conditions Test
D1, D2, D3, Pressure
1 XP, XP-OT Rock DA4.1, D4.2, D5, Wave Overtopping
D6, D7, D8 Stability
D1, D2, b3, Pressure
2 XP, XP-OT Rock DA4.1, D4.2, D5, Wave Overtopping
D6, D7, D8
D1, D2, D3, Pressure
3 XP, XP-OT Rock DA4.1, D4.2, D5, Wave Overtopping
AA-2 D6, D7, D8 Stability
D1, D2, D3, Pressure
4 XP Rock D4.1, D4.2, D5, Wave Overtopping
D6, D7, D8 Stability
D1, D2, D3, Pressure
5 XP Rock  DA4.1, D4.2, D5, Wave Overtopping
D6, D7, D8 Stability
D4.1, D4.2, D5
6 XP, XP-OT Rock D6, D7, D8 Scour
Table3.17 Experiment program for section BB
Cross Armour . Wave
Section Set Unit Toe Unit Conditions Test
D1, D2, D3, Pressure
1 XP Cube D4.1, D4.2, Wave Overtopping
D5, D6, D7 Stability
D1, D2, D3, Pressure
2 XP Cube D4.1, D4.2, Wave Overtopping
D5, D6, D7 Stability
D1, D2, D3, Pressure
3 XP Rock D4.1, D4.2, Wave Overtopping
BB D5, D6, D7 Stability
4 XP Cube D5, D6, D7 Scour
s xp Cube D41 Das, WaveOveropping
Stability
D5
D1, D2, D3,
6* XP Cube D4.1, D4.2, Wave Overtopping
D5, D6, D7

*Gc IS shortened in this experiment set
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapterthe results of the experimerdge presented and discussed based
armour layer stability, toe stability, forces acting on the crown wall, mean
overtopping volume, and overtopping induced scour at the lee side sifubture.

This chapter is divided int@our parts. In the first part of this chapteesults on
armour and toe stability measurements are presented. Moreover, the effects of
different armour units, toe units, and water depths on the stability performance of the
structure are discussethe second part presents results and discussions of pressure
measurements and calculated forces acting on the crownMedh overtopping
discharge calculations and comparisons between the existinglas are discussed

in the third part of this chapteFinally, results and discussi®f overtopping

induced scoumeasurements are presented in the fourth part.

4.1  Stability Test Results

As stated in Chapter 3, damage assessnartsarried out by visual inspection
method for the armour and toe layers of the coastal revetment model. The number of
replaced units is presented for all sections, and stability resatibtained by using

the total number of units information previously providedatle3.10. The results

of design wavesl{1, D2, D3, D4.1, D4.2, D5and additional wavePg, D7, D§

are presented separately for all experiment sets. Overall, no dismdrperved in

the armour layer of the tested cr@gstions constructed with either XblocPius
XbIocPIusOvertoE units under any wave conditions. Therefore, the discussions in

this section are based on the damage observations/measurements in the toe region.

55



The number of displaced unitisk), stability numberNod), and percentage damage
(Ng) are given for each waveonditionin the experimental set individuajlyand

cumulative values are givéetweerthe beginning anfinal conditions of the model.

As previouslyindicatedin Table3.15, four sets ofstability testsareconducted with
the toe unit of quarry rockg-6 tons in prototype scaléyr Section AAunderD1 to
D5 wave conditionsNo damagesre observed in the armour layer during the
experiments. On the other hand, significant damage on the toeidayeserved.
Stability analysis resultsf the toe layer for Section AA are presented @ble4.1,
andcumulative damage results are visualizeBigure4.1. In Figure 4.1, red curves
indicate the cases where XblocPlumitsareused together witXbIocPIusOvertoE)
units, andblue curves indicatdhe cases where on]&blocPIu§ unitsareusedwhen

constructing the crossectionsn the experiments.

Table4.1 Toe layerstability analysis results for Section AA

Wave Cond. D1 D2 D3 D41 D42 D5 Di1-D5
Ns 250 291 331 356 346 3.73 -
N, toe 12 11 32 29 7 21 112
SET 1 Nd, toe (%) 168 154 449 407 098 295 1571
Nod, toe 024 022 064 058 014 042 224
N, toe 8 5 17 21 9 19 79

SET2  Nawe(%) 112 070 2.38 295 126 266 11.08
Nod, toe 0.16 0.10 0.34 042 018 0.38 158
N¥, toe 13 13 23 27 10 20 106
SET3  Nawe(%)  1.82 1.82 323 379 140 281 14.87
Nod, toe 026 026 046 054 0.20 040 2.12
N, toe 15 16 15 19 11 24 100
SET4  Nuwe(%) 210 224 210 2.66 154 3.37 14.03
Nod, toe 0.30 0.32 0.30 0.38 022 048 2.00
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Figure4.1. Cumulative damage results on the toe layer for Section AA

A negative impact of XblocPlusOverfopunits on toe stabilityis observed, as
presented imMable4.1 andFigure4.1. However, these units did not affect the toe
stability performance of the structure for smaller wave heights (D1, D2) due to the
limited runrup heights. Moreover, the same wave conditions with different depths
(D4.1, D4.2) showed significant differenceBhe wave condition D4.1, which
corresponds to LWL, caused more damage compared to D4.2, which corresponds to
HWL. Overall, a 21.8% increase in cumulative damageobserved for the

experiments conducted with XblocPlusOveFftapits.

Four stability testareconducted with and without XblocPlusOvertamits and the

toe layer with quarry rock (8 tons in prototype scale) for Section AA2 (Sexble

3.19 for all wave conditions from D1 to DBlo damageareobserved in the armour

layer during the experiments, and stability analysis results only on the toe layer for
Section AA2 are presented irable 4.2 for design wave condition®(-D5) and

Table 4.3 for additional waves [§6-D8), and cumulative damage results are
visualized inFigure4.2 (D1-D5) andFigure4.3 (D6-D8) separately for design and
additional wave conditions. In these figures, red curves indicate the cases where

XblocPlug unitsareused together with XblocPIusOverFopnits, and blue curves
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indicate the cases where only XblocPlusitsareused when constructing the cross

sections in the experiments.

Table4.2 Toe layerstability analysis results for Section AARI-D5)

Wave Cond. D1 D2 D3 D41 D42 D5 Di1-D5
Ns 287 3.30 3.77 391 398 4.28 -
Nf, toe 6 3 10 27 3 12 61

SET1 Nawe(%) 0.87 043 1.44 390 043 173 8.80
Nod, toe 0.12 0.06 0.20 054 0.06 024 1.22
N¥, toe 7 5 15 22 7 19 75
SET3 Nawe(®) 101 072 216 3.17 101 274 10.82
Nod, toe 0.14 0.10 0.30 0.44 0.14 038 150
N¥, toe 3 1 7 18 3 16 48
SET4 Nawe(%) 043 0.14 1.01 260 043 231 6.93
Nod, toe 0.06 0.02 0.14 0.36 0.06 0.32 0.96
N, toe 6 2 8 12 5 9 42
SET5 Nawe(%) 087 029 115 173 0.72 130 6.06
Nod, toe 0.12 0.04 0.6 024 0.10 0.18 0.84
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Figure4.2. Cumulative damage results on the toe layer for Section RAZY5)

Similar to Section AA, more damage on the toe lagepbserved when the

XbIocPIusOvertoE unitsareplaced on the structure. On average, a 51% increase in
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the cumulative damages observed, as shown in the table above. This situ&ion
observed for the relatively high wave heights significantly. For the smaller waves
(D1, D2), consistent resultseobserved for the cases constructed with and without
XblocPlusOvertop units. The water level effect shows consistency with Section AA
such that the LWL condition for the same wave properties (D4.1) caused more

damage with respect to the HWL condition (D4.2) on the toe layer.

Table4.3 Toe layerstability analysis results for Section AARG-D8)

Wave Cond. D6 D7 D8 D6-D8
Ns 451 4.86 5.17 -
N, toe 44 39 44 127
SET 1 Nd, toe (%0) 6.35 5.63 6.35 18.33
Nod, toe 0.88 0.78 0.88 2.54
N, toe 39 28 29 96
SET 3 Nd, toe (%0) 5.63 4.04 4.18 13.85
Nod, toe 0.78 0.56 0.58 1.92
N, toe 31 32 39 102
SET 4 Nd, toe (%) 4.47 4.62 5.63 14.72
Nod, toe 0.62 0.64 0.78 2.04
N, toe 29 38 39 106
SET5 Nd, toe (%0) 4.18 5.48 5.63 15.30
Nod, toe 0.58 0.76 0.78 2.12
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Figure4.3. Cumulative damage results on the toe layer for Section A&A)3)

Additional wave conditions for Section AA2 show similar results with design wave
conditions. Itis observed that implementing XblocPlusOvefamits causes less

toe stability performance.

As previously presentetth Table 3.17 four sets ofstability testsare conducted for
Section BBusingonly XblocPlug units for D1 to D7 wave conditiong hree sets

of experimentsare conducted using cube blocks0 tons in prototype scal@) the
toe, and one set of experimergsonducted using quarry ro¢4-6 tons in prototype
scale)in the toe layer. No damagese observed in the armour layer during the
experimentsvith the design waved hus, stability analysis results only on the toe
layer for Section BB are presentedTiable4.4, and cumulative damage results are
visualized inFigure4.4. Figure4.4 shows the difference between the performance

of toe design with quarry rock (blue curve) and cube blocks (red curves).
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Table4.4 Toe layerstability analysis result®r SectionBB (D1-D5)

Wave Cond. D1 D2 D3 D41 D42 D5 D1-D5
Ns 191 217 261 291 278 3.26 -

N, toe 5 1 3 3 2 5 19

SET1 Nd, toe (%) 130 0.26 0.78 0.78 0.52 1.30 4.94
Nod, toe 0.15 0.03 0.09 0.09 0.06 0.15 0.57

N, toe 5 3 3 2 1 3 17

SET 2 Nd, toe (%) 124 0.75 0.75 050 025 0.75 4.23
Nod, toe 0.15 0.09 0.09 0.06 0.03 0.09 0.51

N, toe 22 15 42 29 18 20 146
SET 3 Nd, toe (%) 3.16 215 6.03 416 258 2.87 20.95
Nod, toe 048 033 091 063 039 044 3.18

N, toe 6 3 12 4 3 1 29

SET 5 Nd, toe (%) 149 0.75 299 100 0.75 025 7.21
Nod, toe 0.18 0.09 036 0.12 0.09 0.03 0.87
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Figure4.4. Cumulative damageesults on the toe layer for Section BB1-D5)

The effect of water level on the toe layer stability and performances of different units
areobserved in this experimental set in Section BB. When the wave condit®ns
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evaluated individually, is observed that D4.2 (HWL) caused less damage than D4.1
(LWL) for the same wave conditions (S€able4.4). Also, on average, 283% more
damageis observed for the section with quarry rockaie to the challenges of
placing cube units in irregular patterns, deviation in the results for thesgossns

with cube units is observed for only one experimental set, as shown in Figure 4.4.

On the other hand, consistent results are observed ferengheriments

Additional wave conditionsd6, D7) arealso tested for Section BB. As stated in
Chapter 3, these wave conditicareanalyzed separately, and results are presented
in Figure 4.5Similarly, no damageareobserved in the armour layer, and all results

are presented for the toe layer.

Table4.5 Toe layerstability analysis result®r Section BB D6, D7)

Wave Cond. D6 D7 D6-D7

Ns 3.26 3.62 -

N, toe 11 6 17
SET 1 N, toe (%) 2.86 1.56 2.45
Nod, toe 0.33 0.18 0.51

Nt toe 10 6 16
SET 2 N, toe (%) 2.60 1.56 2.31
Nod, toe 0.30 0.18 0.48

N, toe 43 22 65
SET 3 N, 10e (%) 6.17 3.16 9.38
Nod, toe 0.86 0.44 1.30

Nf, toe 3 0 3
SET5 N, toe (%) 0.78 0.00 0.43
Nod, toe 0.09 0.00 0.09
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Figure4.5. Cumulative damage results on the toe layer for SectiorDBBH7)

A similar behavioris observed for additional waves (D6, Ddmpared talesign
waves (D1 to D5). A significant increase in the damagdserved for the toe layer
with quarry rocks.

Different toe stability performanceseobserved for the sections with and without
XbIocPIusOvertoE units. This difference is observed in Sections AA and AA2 and
shown in Figure 41 and Figure 4.2. These figures show thausing
XblocPlusOvertop unitscauses more damagethe toe layerDamage observed in

the toe section increased by 36% on average for the sections designed with
XblocPlusOvertop unitsexcept for the small wave height conditions (D1 and. D2)
This result is=xplained based on the differentrdown processesf the waves for

the cases with and without XblocPlusOveftopits. The differencén therun-down

processf the wavess shownin Figure4.6.
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Figure 4.6. Difference in un downprocess a) with XbIocPIusOvertoE units b)
without XbIocPIus)verto& units. (Dark grey units in (a) are XbIocPIusOveﬁop
units.)

Figure4.6a shows that incident waves are reflected enmd downtowards the toe

region very quickly, without losing their energgs the rurup process is not
completed Similar instants from the experiments are visualized in Figure fér6b
thecase where onI)(bIocPIu§ unitsare used in the crosection and it is seen that
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therun-downprocess starts after the rup process is completeghere more wave
energy is dissipated without any reflectioas in the case where the
XbIocPIusOvertoE units are in place Bakker et al. (2022) also observed this
difference in the rwdown patterns, where a similar mechanism to bullnose
structuress identified when XbIocPIusOvertSpmits areused in the tested cress
sections.This situation also explains the similar results between the sections
constructed with XblocPl&s and XblocPlusOvertop units together with the
sections with onIyXbIocPIu§ units for smaller wave heights. Disturbance of the
run-up and rurdown processeds not observed due to limited rwp heights foD1

and D2 wave conditions, and the effect&bfocPlusOvertop unitsaredecreased.

Additionally, the differences between the various structure depths on the stability of
the toe are presentedhigure4.7. The cases with rock units in the toe and sections
without XblocPlusOvertdp units are selected. Set 2 for Section AA, Set 4 for
Section AAZ and Set 3 for Section B&e plotted to present the effects of different
structure depthsThe greencurve,red curve, andbolue curve represent Section AA,

SectionAA2, and SectioBB, respectivelyfor this comparison shown Figure4.7.
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Figure4.7. Comparison between the toe stability results of different water depths
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Section BB represents the shallower, and Section AA2 represents the deeper
structure depth for the coastal revetment. As expected, more critical results on toe
stability areobservedor the crosssection witHowertoedepth.D4.1 and D4.2 wave
conditions for each experimental setup also represent the effects of the different
water depths and the similar observation&igure 4.7 is presented for these two

wave conditions.

In addition to the discussions above, all experimental measurements on toe stability
are presented with respect to the stability numlgr (vhich isshown in Equation
4.1.

O y5— (4.1)

The results ofNg andNog with respect td\s are presented iRigure4.8 andFigure

4.9, respectively.
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Figure4.8. Comparison of\g results with respect t§s for all experiments
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Figure4.9. Comparison ofNog results with respect tis for all experiments

In these figures, red scatter points represent Sectionafd green scatter points
represent Section AA2. Quarmpcks are usedn the toe layerfor these cross
sections. Blue and purple scatter points represent Section BB with cube block and
guarry rock in the toe section, respectivélg. shown inFigure4.8 andFigure4.9,

the maximum damages are observed in the case with the shallowest water conditions
and quarry rocks in the toe layer (Section BB), and the minimum damages are
observed for the cube block units (Section BB). Section AA shows more damage on
the toe layer thn Section AA2 due to thime depth variationsMoreover, for the
sameN;s value, the damage also shoavgariation (see e.g. green scatter points for
Ns=3.9). This result is most probably related to the placement of the units and blocks.

However, the order of magnitudeNd andNoq remains similar for the sani value.

As discussed above, while significathmageon the toe layers observed, no
damage is observed in the armour layer. This discussion shouailtirat on the toe

layer does not lead to the armour layer faillMereover, & Reedijk et al.Z018

and Bakker et al. (2019) presented, no damage observation for the armour layer with
XblocPlug units is expectedBakker et al. (2019) state that no damage is observed

even for the stability numbeNs = 5.5 during the hydraulic stability tests of

67



XblocPlug units. Similar results are observed éxperimentsconducted with

stability numbers up t6.2.

4.2  Forces Acting on the Crown Wall

As stated in the Chapt8y horizontal forces acting on a crown walemeasured by
pressure sensofsr Section AA2 with all wave conditions from D1 to @&d for

Section BB with the wave conditions from D1 to.0Fbur measurement locations
aredetermined to place four pressure sensors. During the pressure measurements, a
crosssectionis constructed with XblocPl&sand XblocPlusOvertdptogether, and

a crosssection with only XblocPItsunits.

Measured pressure dasaonverted to force and momentum values by following the
equations given in Sectid2.3.2 and theseesultsarecompared with théormulas
provided by Pedersen (1996) add® r g a ar d eThe parforman¢e? &f these
formulas on this specific projecare evaluated by comparing the predicted values

and measured data. Moreover, differences between the methodologies suggested by
Pedersen (1996) amiR r g aar d arepreaented in(thz 0eduBs)

To enhance the prediction performances of the equations stated above, modified
coefficientsaresuggested by conducting statistical assessments, which are explained
later in this section. The experimental results of horizontal wave forces exceeded by

0.1% of the wavesH4,0.199 are compared to the computations carried out with the

suggesteformulesby Peder sen (1996) aRigureNBr gaar d
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Figure 4.10. Comparisonof Pedersen (1996) ad3r ga ar d  efdrmulasl . (201

with measured experimental data Fero.1%

As shown in Figure 40, Pedersen (199@yedict the forces acting on the crown wall
slightly better thanN B3 r gaar d e Statisdidal. assés@nerits3for these two
different approaches are presentedlable 4.6 Statistical analysiss conducted

using mean absolute error (MAE) and root mean square error (RMSE) error metrics
to obtain modified coefficients that would improve the horizontal force predictions.

The formulas of these error metrics are presented in Equdti®daad4.3.

UOOé— 9 US (4.2)

YO "YO B
€

n o (4.3)

In these equations, predicted values are denotqd, I6) represents the observed

values andh represents the number of data.
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Table 4.6 Statistical assessment Bedersen (1996andNRr gaar d et al

methodologyfor Fr,0.1%

Coefficient MAE RMSE
a 0.210
NRBrgaard e 0.0272 0.0334
b 1.000
a 0.210
Pedersen (1996) 0.0219 0.0311
b 1.600

As shown in Figure 4.10 and shown in Table 4lhough both approaches show a
good fit overallPedersen (1996hethodology shows better results in terms of MAE
and RMSE by24.2% and 7.4%, respectively.Experimentaldata shows slight
differences between the predicted forces by following the Pedersen (1996) and
NRBrgaard e t methddologieg. 2Qverad,) the prediction formulas
underestimatéhe results obtained by the pressure measurements testbecross
sectiondn the present study

SinceNBr gaar d enbdifiedlthe form@a0giveh biPedersen (1996) fahe
shallow water conditionsempirical coefficient@re modified to obtain a better fit
between the measured data and predicted values for only the formula provided by
NRBr gaar d €rhisfarhula suyggestsitivido)empirical coefficients symbolized
with a andb.

Although there is limited experimental data and a specific design for a consultancy
project, modifiech andb coefficientsaredetermined as a=P25and b-1.18Q which

minimizes the error metrics. The comparison between the experimental

measurements with tiedersen (1996)alNIR r ga ar d frmmulaiérswith 2 0 1 3)

modified coefficients is presentedhingure4.11for Fu,0.1%
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Figure4.11. Comparison between the experimental measurenagwlsl 3 r gaar d et

al. (2013)formulation with modified coefficient®r Fr 0.1%

As stated beforeNRr gaar d eshowad a goofl #tOoteBal), but slight
modification in the empirical coefficients increaseddbeuracyas shown ifrigure

4.11. Itis observed that the formula with modified empirical coefficients decreased
theundeestimation, and statistical assessment results are preseitiaoled.7 for

modified coefficients.

Table4.7 Statistical assessment of modified empirical coefficiémtsH.0.1%

Coefficient MAE RMSE
Amodified 0.225
Pmodified 1.180

0.0217 0.0812

As presented iTable4.7, prediction for forces acting on the crown wall by using
the formula and coefficients suggested\bf r gaar d areimmavedwith2 01 3)
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modified empirical coefficients. The statistical assessment results show that the
performance of the prediction formuis improved asthe MAE and RMSE are
decreasedy 25.26 and7.1%, respectively These results show that the existing
formulas undeestimate the forces acting on the crown wall for XblocPlaisd
XbIocPIusOvertoE armoured coastal structures. For this specific desigis it

observed that these recently developed ugtseasé¢he forces on the crown wall.

In addition toFH,0.1smeasurementand analysesnomentxceeded by 0.1% of the
waves Mn0.199 calculations based on experimental measurenaeet®nducted and
comparedwitiN B r gaar d methodolog. Sirildar@o1ha fprce calculations,
relations between the existing formulas and measured momerdrdaealuated,

and statistical assessmeat® carried out by following the formulas presented in
Equationst.2and4.3 As stated bWN 3 r ga ar d and Damir (2028),22a0nked )
relation between the behavior Bfio.19%5 andMuo.19 is observed in the literature.
Thus, empirical coefficients in the moment prediction equaggr0(95 ande=0.4)

are not modified for the moment comparisons. All moment calculatiares
conducted based on the force calculations with moddi@hd b coefficients, as
presented before. Moment comparisons using the wave force estimations with
modified (present study) and suggested coefficients (Norgaard et al., 2013) are

presented in Figure 21
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Figure4.12. Comparison between the measured and predMtegh« for modified

and suggested coefficients

As shown in Figure 42, a good fit between the measured and calculated moment
values when the modified coefficiemseimplemented into the equations. Statistical
assessment of the coefficiemconducted for both suggested and modified values.

The results of these analyses are presented in Table 4.
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Table4.8 Statistical assessment of suggested and modified empirical coefficients for

MH,0.1%
Formula Coefficient MAE RMSE
a 0.210
NBrgaard et 0.0018 0.0@2
b 1.000
Amodified 0.225
Present Study 0.0015 0.0020
Pmodified 1.180

As presented iTable4.8, prediction for a moment on the crown wall by using the
formula andcoefficients suggested iy 3 r gaar d eareimarbved wit2 0 1 3)
modified empirical coefficients. The statistical assessment results show that the
performance of the prediction formukincreased by decreasing the MAE 256

and RMSE by10%.

In conclusion, pressure measuremeaartsconducted to determine the forces and

moments acting on the crown wall of a specifically designed coastal revetment cross

section for this case study. Althou@tedersen'$1996 methodology gives better

predictions for both moment and force predictions theRr gaar d et al . (20
modifications to the empirical coefficierdseconductedfoN3r gaar d et al . ( 2¢C
methodology due to the shallow water conditiddigghtly improved predictions can

be made with the available formulas using modifieahpirical coefficients.

Improving the prediction formulas for the fordegprovesthe moment calculations

due to the linear relationship between different formulas.

In addition to the discussions above, the effects of XblocPlusO¥euttfs on the
forces acting on a crown wall are evaluated dpmparing the experimental
measurements &iho.1%for the Sections AA2 experiments considering utilized wave
conditions, where different cases with and without plakﬁhlg)cPIusOvertoE units

are available. The results of the comparisonspaesented irFigure4.13. In this
figure, red scatter points represent XblocPluand blue scatter points represent

XblocPlusOvertop units.
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Figure4.13. Fuo.19%for XblocPlu$ and XblocPlusOvertdpunits

As shown in Figure 4.13, measured Fno.1% Vvalues decreased when the
XblocPlusOvertop unitswereplaced in the armour layer. This situation is expected
due to the behavior explained fiigure 4.6. XblocPlusOvertop units disturb the
run-up process of the incident waves gmelventthe wavegrom reaching the crown

wall. Thus, measured forces acting on the crown wall are decreased.

4.3  Wave Overtopping Volume

Wave overtopping measurementdre conducted to test the serviceability
performance of thetructure Measured overtopping volumestire model scale are
presented imable4.9, Table 410, and Table 4.1 for all crosssectionsAA, AA2,
and BB, respectively Different armour layer configurationare tested without
changing the toe unit ar@k for Sections AA and AA2In Section BB, different toe
units andG. aretested.
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Table4.9 Mean wave overtopping volume results for Section AA

Wave Cond.  Armour unit Toe Unit  G¢(m) Qprototype (I/S/M)
XP Rock 0.235 -
D1
XP, XP-OT Rock 0.235 -
XP Rock 0.235 -
D2
XP, XP-OT Rock 0.235 -
XP Rock 0.235 -
D3
XP, XP-OT Rock 0.235 -
XP Rock 0.235 0.0796
D4.1
XP, XP-OT Rock 0.235 -
XP Rock 0.235 0.2785
D4.2
XP, XP-OT Rock 0.235 0.0398
. XP Rock 0.235 1.6677
XP, XP-OT Rock 0.235 0.2382
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Table4.10 Mean wave overtopping volume results ection AA2

Wave Cond. Armour unit  Toe Unit  G¢ (m) Qprototype (I/S/M)
XP Rock 0.235 0.0996
o1 XP, XP-OT Rock 0.235 -
XP Rock 0.235 0.2954
P2 XP, XP-OT Rock 0.235 -
XP Rock 0.235 1.5786
o3 XP, XP-OT Rock 0.235 0.2368
XP Rock 0.235 3.2623
. XP, XP-OT Rock  0.235 0.9767
D4 XP Rock 0.235 5.9677
XP, XP-OT Rock 0.235 2.0290
XP Rock 0.235 13.8184
= XP, XP-OT Rock 0.235 5.8768
XP Rock 0.235 30.4985
Pe XP, XP-OT Rock 0.235 13.7694
XP Rock 0.235 72.2457
o7 XP, XP-OT Rock 0.235 46.2957
XP Rock 0.235 155.6285
P8 XP, XP-OT Rock 0.235 98.0011
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Table4.11 Mean wave overtopping volume results for Section BB

Wave Cond.  Armour unit Toe Unit  G¢(m) Qprototype (I/S/M)
o1 XP Cube 0.235 -
XP Rock 0.235 -
XP Cube 0.235 0.0271
b2 XP Rock 0.235 -
XP Cube 0.235 0.0634
D3 XP Rock 0.235 0.0634
XP Cube 0.120 0.2534
XP Cube 0.235 0.0441
D4.1 XP Rock 0.235 0.0661
XP Cube 0.120 0.0661
XP Cube 0.235 0.1310
D4.2 XP Rock 0.235 0.1310
XP Cube 0.120 0.5240
XP Cube 0.235 0.6647
D5 XP Rock 0.235 0.9970
XP Cube 0.120 3.9214
XP Cube 0.235 2.9853
D6 XP Rock 0.235 2.7432
XP Cube 0.120 8.7138
XP Cube 0.235 3.9828
D7 XP Rock 0.235 3.9828
XP Cube 0.120 14.4975

The experimental results presented in the above tables are converted to mean
overtopping discharges per unit length®fefm) and compared with the computed
values using the mean overtopping discharge prediction equation gi¥gubgion

2.15 (EurOtop, 2018) The roughness coefficients for XblocFlusand

XbIocPIusOvertoE unitsin this equatiorareimplementedas 0.45 and 0.413ased
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on theformulas presentedn Section3.2.3.3 A comparisorof measured data with
the calculated valuas visualizedby nonrdimensional mean overtopping discharge

with respect to relative crest height agidenin Figure4.14.
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Figure4.14. Measured mean overtopping discharges for all experiments

As shown inFigure4.14, variationsareobserved between measured and calculated
wave overtopping discharges. This situation is expected due to the large crest width
of the coastal revetmennodel A better relation between the estimated and
measured discharge valussobserved for the section with shorter@g but this

crest widthalsocausesignificant variation

The effect ofa wide crest on wave overtopping is discussed in EurOtop (2018), and
it is stated that this situation reduces the overtopping volumes. A reduction factor
(o) is suggested to represent the reduction in the wave overtopping due to the large
crest widths. However, this reduction factor is applicable whemdR: are equal,

which is not applicable for observed cr@gstions in this study. EurOtop (2018)
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also states that more reduction in wave overtopping is observed for the Accropode
armoured coastal structures, and this situation is similar for other-tayglearmour

units. Due tahe limitations of the reduction factor suggested by EurOtop (2018), a
new coefficient is calculated to better predict the wave overtopping discharge for this
specific study This coefficientis implemented in the wave overtopping discharge
prediction formula provided by EurOtop (201t8) implement the effects of large
crest widths. Notdimensional crest widths of the moaekused to determine the
modification coefficient and presented in Equatiéd for XblocPlu§ and in
Equation4.5for XblocPlusOvertop units.

[ A o~ (44)
[ 5 e (45)

Gc represents the crest width of the experimental medestated previousiNcrest
represents the number of armour units used in the crestDaméepresents the
nominal diameter of the armour unit used in the motleé modified equation for
the wave overtopping discharge prediction is presented in Eq4afion

n

Y
— W®eon PP —m-— (4.6)
0 O PEeTTT

The performance of the formula with theefficient ofy, is observed and analyzed

by mean absolute logarithmic error (MALE) and root mean square logarithmic error
(RMSLE). Theformulas to determine MALE and RMSLE are shown in Equations
4.7and4.8, respectively.

N s
UOUOé— asgk (4.7)

80



YOYbO P  ae® (48)
g 0

Predicted values are presented y O; represents the observed values and

represents the number of dafdnese calculationare carried out for threeross

sections with limited experiments. Although the analgsesarried out with limited

data, this study presents the general behavior and perforraftioe overtopping
prediction formula fothe structures studied in this thesish large crest widths.

A comparison of measured mean overtopping discharges with the modified formula

for all experiments ipresented ifrigure 4.5.
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Figure 4.15. Measured mean overtopping discharges with modified roughness

coefficients for all experiments

81



As presented irFigure 4.15, a better fitis obtainedbetween themeasuredand
predictedwave overtopping dischargegth the modifiedformula However,this
coefficient is suggested for this specific design and should be studied furttear. It
be seen that more errisrobservedvhen theR/Hmo valueis smaller than 0.8The
statistical analysis results for modified and origifmaimulas are presented ihable
4.12.

Table4.12 Statistical assessmentsifiggested and modifiedughness coefficieat

Unit o MALE RMSLE
X % xp= 1.0000 0.9982 1.2675
XblocPlus®
o xp= 09158 0.7294 0.9493
X % xroT = 1.0000 1.3435 1.6047
XblocPlusOvertopF
% xroT = 0.8195 0.4429 0.5567

Table 4.2 presents the MALE and RMSLE values fatith and without the
suggested coefficienit is shown that thenodifiedformulaimproves therediction

by decreasing the MALE b$6.9% and RMSLE by33.5% for XblocPlug units.
203.3% and188.3% of reductions for the MALE and RMSL&eobtained for the
XblocPlusOvertop units. According to these results, is observed that the
XblocPlug units showa better fitwith respect to XblocPlusOvertbpinits without

any modification in the formulddowever, modification coefficiensreneeded for

both units.Moreover, as shown in the figures above, shorteébedecreases the
variation between the measured and predicted mean overtopping discharge values.

As presented in the tables and figures above, using XblocPlusGvartite causes

a significant reduction in mean overtopping discharges. This result is expected due
to therun-down processhat occurs on the armour units explaine&igure4.6. On
average, a 63% reductidn wave overtopping discharge observedwhen the
XbIocPIusOvertoE units are placed As shown inFigure 4.15, the maximum
difference between the measured wave overtopping discharge with the section

constructed by XbIocPIusOvert%pnits and the section with only XblocPfusnits

82



is 31.6%. On the other hand, the maximum differesabserved a®99%. As a
result,smallerreductionsare observed for théower relative freeboard valugand
similar to Bakker et al. (2022)he change in the wave overtopping discharge
increased forthe sections with and without XblocPIusOveFtapnits when the
relative freeboard increasedHowever, Bakker et al. (2022) observed wave
overtopping reduction within a range of 30% to 65%, and this result is significantly
lower than the results presented in this thesis study. On the other hand, these
differences are expectedelto the large crest width of the presgmcific design in

this project. A significantly wide crest decreases the collleatater via a chute
implemented in the experimental setiMmreover, the ratio between the wave height
and the structure depth implemented in this studsiaivelyhigh, and this situation
affects theHmax NBr gaar d emphasike.that(th2z Bighds) individual wave
overtopping causes the greatest overtopping discharijesefore, it can be argued

that when the maximum overtopping volume is decreased, the performance of
XbIocPIusOvertoE units in reducing the overtopping discharges increashese

two factors areonsidered as the explanation for the higher variation in the present
experimental datavioreover,the effects of different toe units on wave overtopping
performance are observeas shown in Table 421 No significantdifference is
observed for different toe units with similar toe depthis again stressed that these

observations are limited to the scope of the present experiments.

4.4  Overtopping Induced Scour at the Lee Side of the Structure

Scour measuremengse conducted for the wave conditignshere relatively high

wave overtoppings observed during the experimeniofile measurementare
conducted separately for all wave conditions (D4.1 to D8 for Section AA2, D5 to D8
for Section BB) tested in the scope of the scour experimirasles of the backfill
areaaremeasured by laser distance meter before and after the experiments, and the

experimental setups reset for all wave conditiondleasurement results for each
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profile (see Figure 3.10) and maximum scour depths observed during the

experimentare presented ihable4.13.

Table4.13 Scour measurement results for all profiles

Section Wave Pl P2 P3 P4 P5  Maximum Scour
Cond. (mm) (mm) (mm) (mm) (mm) Depth (mm)
AA2 D4.1 470 570 6.80 3.20 6.30 6.80
AA2 D4.2 10.10 11.80 11.90 1150 10.70 11.90
AA2 D5 20.60 16.30 18.70 1440 17.70 20.60
AA2 D6 2390 24.00 17.30 18.30 25.80 25.80
AA2 D7 42.80 34.70 29.60 26.80 35.10 42.80
AA2 D8 57.30 51.30 51.80 50.10 53.10 57.30
BB D5 12.00 10.70 14.20 18.70 8.10 18.70
BB D6 1220 9.80 940 1140 15.40 15.40
BB D7 1450 12.70 20.10 16.90 16.50 20.10
BB D8 18.80 17.90 25.20 25.70 27.10 27.10

Averageof P1-P5 scour profile measurements before and after each wave condition

arepresented for all wave conditiomsFigure 4.5 andFigure4.17. In these figures,

x=0 indicates the positiof the crown wall, and the distance between the

measurement point and the crown wall is identified in th®ig. The measured scour

depths are presented in theyis. In addition, individualinitial and final profile

measuremestfor all wave conditions are presented in Appendix C.
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Figure4.16. Average initial and final scoumeasurements for Section AA2

As presented ifrigure4.16, the maximum scour depikiobserved for D8, which is

the wave conditiorwith a maximum wave height among the experiment Ha¢.

maximum accretiorns also observed for the D8 wave conditidheasured scour

depths and accretion heighte decreased from D8 to D4.1, as expected. This

situation is expected due to the wave overtopping volumes measured in this thesis

study and presented in Secti®3. Increasinghe wave overtopping volumes causes

largerscour depthsas presented in the figure above.
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Figure4.17. Average initial and final scour measurements for Section BB

As presented ifrigure4.17, the maximum scour depikiobserved for D8, which is
the wave condition with a maximum wave height among the experiment set. The
maximum accretions also observed for the D8 wave condition. Measured scour

depths and accretion heigdredecreased from D8 to D5, similar to Section AA2.

Scour depths for different experimental set@pe predicted using the formula
provided by Yeé)|geniné&quatiert 3(anlthe deve2opnent of

this formula, thedensimetric overtopping discharge rangejiven as0.00243i
21342.74 Inthe present experiments, some cases are out of the ravige ofd € r é m
al. (2024) The comparison graph f@esentedn Figure4.18, indicating the data
points in the range and out of therang&'ad | d € r 084)et al
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In the comparison between the measured scour depths with thesectissis with

anL-shaped crown wall and arshaped crown wall, differences are expected to be
observed. Howeveas shown irFigure4.18, overalla good fitis observed between

the measured scour depths and calculated scour depths by EQublidtowever,

significant deviationsreobservedor the cases where the densimetric overtopping

di scharge is out of t h e whicla is gxpectedthe YéI deéer
maximum variation between the predicted and measured data in the range of the
formula provided byis d#terinké as®©m3o,eand ha | . (20
minimum differenceis observed as 1%6. On average, 43.36% differenceis

calculated between the experimental data and the predicted scour depth values.

Yél déréem et al . {hagzZrédwn walland gragposedgpdotmalld t h e
based on experimental studies using this type of crown wall struckomesver the
L-shapectrown wall desigrs implemented in thithesisstudy.Experimental results
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show that theneasuredcour at the lee side of a coastal revetnseptedicted well
when the Lshaped crown walls used instead of the-shape.However, this
observations completelylimited to the scope of the present experiments. Further
investigations should be carried @atgeneralize this observation
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CHAPTER 5

CONCLUSION

In this study, the hydrauliperformance of an XblocPlEsarmoured coastal
revetments tested.A total of 127 experimentsarecarried out in this thesis study.
The stability of the armour layer and toe secti®evaluated by visual inspection
methods. Different crossectionsaretested by changing the armour configuration,
relative freeboard, structure depth, and toe uditesssections with and without
XblocPlusOvertop units are constructed. Three different relative freeboards and
structure depthareimplemented, and quarry rock and cube block wariésised as

toe units for different caseBloreover, pressure sens@i®used to measure forces
acting on the crown wall to evaluate the effects of differevgssectionsMeasured
forces acting on the crown wadlre compared with the formusaproposed by
Pedersen (199é al (2018pTheNofdertappaing pelformance of the
structureis also tested in the scope of this thesis study. A gutter and overtopping box
areinstalled to measure the mean overtopping voluiMessured wave overtopping
dischargesrecompared with the formula and roughness coefficierfdained by
Bakker et al. (2022)-inally, wave overtopping induced scour at the lee side of the
coastal revetmens measuredn severalexperimerdl casesEffects of different
crown wall shapesire evaluated by comparing the measurement results with the
formul a provi ded b,based®n theclimiéeddatdhe main . (20:

findings of these observations are listed as follows:

1 Armour and toe stability measurement® conducted for Section AA for
wave conditions from D1 to D5, for Section AA2 for wave conditions from
D1 to D8, and for Section BB for wave conditions from D1 to Actording
to the results, no damagés observed on the XblocPlEs and
XbIocPIusOvertoE units used in the armour layer for all experiments.

However, significantiamagds observedn the toe layer constructed using
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qguarry rocks. The experimental studies show that XblocPIusO@etulm’ps
increase the damage on the toe layer by 36% on avéuage the rusdown
processes observed when the XblocPlusOvertmits are placed.

These results show that recently developed armour unitartiavestigated

in this thesis study performed well in terms of armour stability by no damage
performance. On the other hand, a negative impact on the toe stability
observed when the XblocPlusOveftamitsareplaced.

Forces acting on the crown wadre measured and evaluated with the
formulas suggested by Pedersen (1996) &h8r gaar d e.t al . (20
According to the experimental studies, modified empirical coefficiargs
suggested, and2b.4% better correlation between the prediction formula and
measured data obtained. Due to the linear relationship betwegn 1o and
MH,0.1% the performance of the prediction formulavbi o.1% iS increased by

20% with the modified coefficients.

Performance of theXblocPlusOvertop units is evaluated with the
XblocPlug units in this study. It is shown th&t,0.1% andMn .10 values
decrease due to the effectsxdflocPlusOvertop units.

The effect of XblocPIusOvertSpJnits on mean overtopping discharges
investigatedbased on the experimertarried out for Section AA, Section
AA2, and Section BB for all wave conditions. Amerage of 63% reduction

in the mean overtopping dischaig@bserved when the XblocPlusOvertop
units areplaced at the armdayer of the structurédowever,this result is
provided within the limited data and specific design condition limitations.
Comparisons between the overtopping discharge prediction methods and
measured wave overtopping dischargkew variance. lis stated that the
large crest width values implemented in this study caused these differences,
anda newmaodificationcoefficientis suggested for the prediction forming
considering the crest width effectdmplementing the modification

coefficient enhanced the performance of the prediction formula by 36.9%
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and 203.3%for XblocPlu and XblocPIusOverthpunits in terms of the
mean absolute logarithmic error, respectively.

1 Itis emphasized that XblocPlusOverfopnits reflect the waves as bullnose
structures. Thisbehavior starts the rwdown process before the rup
process is finalized. Thus, XblocPlusOvefamits increag the wave
overtopping performance of the structurand decrease the forces and
moments acting on the crown waln the other handa quick ruadown
process without losing energy causese damage to the toe layer.

1 According to the experimental studi@seasured scour at the lee side of the
coastal revetmenis compared with the prediction formula provided by
Yél der é m @& goodfit betwder2tbe2nkgsured and predicted scour
depthssobservedvi t hin the range of the for mul
The comparisons show that arshaped crown wahlas no significant effect
compared to -shaped crown walls within the scope of the present

experiments.

All experimental studies discussed in this thesis studgarried out within certain
limitations. The most important limitation is that cregstions tested during the
physical model experimengsedesigned for a specific project. Thus, all results and
observations are applicable to these cgegions, and further investigations on the

findings presented in this study should be considered for different designs

All investigationsare completed in thistudy with the limited dataset in terms of
number of experiments, and experimental conditiédisfindings give insight into

the performance of XblocPlEisand XblocPlusOvertdp units, and further
investigations should be conducted on the subjects discussed in this thesikistudy.

this scope, further recommendations are listeébllows:

9 Further investigations should be carried out to increase the data on pressure
measurements. Moreoverertical forcesacting on the bottom of the crown
wall structurecan beinvestigatedn addition to horizontal forces acting on

thefront face of thecrown wall.
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1 Additional experimental studies on wave overtopping discharges should be
conducted with differenG. and different numbers of armour units on the
crest to investigate the modification coefficient proposed in this study.
Moreover, limitations due to the limited data should be eliminated by
improving the dataset.

1 The effects of different crown wall shapes on the wave overtopping induced
scour at the lee side of a coastal revetment should be further investigated with

alarger dataset.
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APPENDICES

A. Wave Height Distributions
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Figure Al. Nondimensional histogram, Section AA; @}, b) D2, c) D3,d) D4.1,

e)D4.2,f) D5
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Figure A2. Non-dimensional histogram, Section Az a)D1,b)D2,c) D3,d) D4.1,
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B. Crosssections of DifferentExperimental Cases
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FigureB.5. Section BB without XblocPlusOvertbpinits

FigureB.6. Section BB withouXblocPlusOvertop units and cube blocks in the toe

104












