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ABSTRACT

SCOUR AT THE REAR SIDE OF RUBBLE MOUND REVETMENT DUE
TO THE SOLITARY-LIKE WAVE OVERTOPPING

Yaman, Mert
Master of Science, Civil Engineering
Supervisor : Prof. Dr. Ahmet Cevdet Yalgmer
Co-Supervisor: Assist. Prof. Dr. Ciineyt Baykal

May 2022, 58 pages

Rubble mount coastal structures are commonly used for protecting coastal utilities.
Under storm conditions or extreme conditions, long waves attack those structures
and cause overtopping. This overtopping phenomenon often results in water flow at
the back side of the structure which consequently causes scour. In this thesis,
different solitary-like waves and the backfill conditions are studied to understand the
level of overtopping and maximum scour depth behind the structure due to the
solitary-like wave caused by overtopping. The relation between the scour and
sediment characteristics, wave, and overtopping conditions are investigated and
dimensionless figures are developed for the generalization of the results in the range
of physical experiments. The main finding of this study is that average overtopping
discharge is directly related to the maximum scour behind the revetment structure.
Another finding is that grain size diameter of the backfill material and backfill height
are governing parameters of scour. Moreover, it is investigated that number of
overtopped solitary-like waves causes a gradual increase in scour depth for the first
few attacks of solitary waves, and then the increment becomes less for the rest of the

wave attacks.

Keywords: Solitary Wave, Coastal Revetment, Scour



0z

KIYI KORUMA YAPILARI ARKASINDA SOLITER BENZERI
DALGALARIN ASMASI NEDENIYLE OLUSAN OYULMA

Yaman, Mert
Yiiksek Lisans, Insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Ahmet Cevdet Yalginer
Ortak Tez Yoneticisi: Dr. Ogr. Uyesi Ciineyt Baykal

Mayis 2022, 58 sayfa

Tas dolgu kiy1 yapilar1 kiy1 koruma amach olarak siklikla kullanilmaktadir. Firtina
ya da ekstrem durumlarda uzun dalgalar bu yapilar etkiler ve dalga asimina neden
olur. Bu dalga asimi, kiy1 yapisinin arkasinda su akisina neden olur ve oyulma
gozlemlenir. Bu tezde, dalga asim seviyesini ve neden oldugu en yiiksek oyulma
degerini anlamak i¢in birbirinden farkli soliter benzeri dalgalar ve farkli 6zellikteki
arka alan dolgular calisilmistir. Sonuclarin genellenmesi i¢in oyulma ve sediman
karakteristigi, dalga ve asim durumlari arastirilmis, boyutsuz figiirler gelistirilmistir.
Calismanin ana bulgularindan biri ortalama agma debisinin maksimum oyulma
derinligiyle dogrudan iliskili oldugunun bulunmasidir. Bir baska bulgu ise arka alan
sediman dane ¢apinin ve arka alan derinliginin oyulma iizerinde etkili parametreler
oldugunun anlasilmasidir. Ayrica, asan soliter benzeri dalgalarin oyulma ¢ukurunu

kademeli sekilde artirdigidir.

Anahtar Kelimeler: Soliter Dalga, Kiy1 Tahkimati, Kiy1 Koruma Yapisi, Oyulma
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CHAPTER 1

INTRODUCTION

Coastal revetments are built to protect coastal areas and communities all around the
world. These structures experience different water levels, wave conditions, and
extreme events like severe storms or even tsunamis throughout their economic life.
Revetment designs consider backfill area protection as well as they consider
structural integrity. One of the phenomena that directly affect the backfill area is
wave overtopping. Wave overtopping can be simply explained as the passing of

water over the structure.

Wave overtopping causes local erosion, which is called scour, at the rear side of the
revetment structure. Scour may show different effects at the rear side depending on
the usage of the area. It can affect the stability of the revetment itself or it may cause

damage to the roads, buildings, and people located at the rear side.

One of the commonly used revetment types is rubble mound revetments, which
generally contain an armour layer of bigger rocks (boulders), a filter layer of smaller
rocks, and a core layer of finer rocks. Rubble mound revetments are used in Tiirkiye
coasts especially in Karadeniz and Akdeniz regions in order to protect the coastal

Z0nes.

In this study, morphological changes at the rear side of a rubble mound revetment
due to solitary wave overtopping are investigated via physical model experiments.
The scouring process is considered to occur in the conditions of either the structural
process is not completed, or the rear side is filled with non-cohesive materials. The

following questions are targeted to be answered by the scope of this study:

I How do different wave conditions affect the scouring process under the

same structural and morphological conditions?



ii. How is the scour depth at the rear side of rubble mound revetment related
to the overflow jet thickness, velocity and duration, number of waves,

grain size of backfill material and backfill height?

In Chapter 2, the literature surveyed is presented briefly. In Chapter 3, the
methodology of this thesis is explained in different sub-sections, in detail. The results
and findings of the physical model experiments and data analysis are presented in
Chapter 4. The discussions on the results and conclusion of this thesis are presented

in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

This study investigates morphological changes at the rear side of a coastal revetment
due to tsunami overflow thus, literature research has been done in the scope of the
study. Research in literature related to the tsunami waves, overflow, tsunami induced
scour, tsunami and structure interaction, also, solitary wave models and experiments

are reviewed and a short brief is presented.

2.1 Tsunami Induced Scour Studies

Kato et al. (2001) investigated the effects of grain size on scouring around a cylinder
due to tsunami runup. Conducted experiments with sand and gravel beds for
cylindrical structure and gathered flow velocity, water depth, and pore pressure
during the scour process. They concluded that the replacement of sand with gravel
had reduced the scour area but it had not always affected the maximum scour depth.
Kobayashi and Lawrence (2004) investigated cross-shore sediment transport under
solitary wave breaking. They performed a series of tests containing positive and
negative solitary waves and compared the runups and sediment suspension volumes.
They concluded that a single solitary wave is capable of noticeable beach profile
change. . Chiew, Lim, and Cheng (2004) investigated the mechanism of scour due
to tsunami runup. The authors investigate a series of tsunami model experiments on
a coastal cylindrical structure. They observed the most severe scour effect at the end
of the drawdown phase of the tsunami and explained this behavior by pore-pressure
gradients. Nakamura, Kuramitsu, and Mizutani (2008) conducted experiments and
numerical simulations to understand tsunami-induced local scour around a structure,
which had a square cross-section and on a sand foundation. They observed that at

the seaward corner of the structure, relative overtopping height had a significant



effect on the scour depth as maximum scour was observed at the same location.
Tsujimoto et al., (2008) investigated spectral evolution and time-space variations of
sand beaches under tsunami waves and regular wave attacks. They performed
experiments by generating negative and positive solitary waves, subjecting the beach
to these generated waves, and gathered information on the recovery process by
regular waves after tsunami events. . Larsen et al. (2018) focus on scour around
monopile foundations due to tsunamis by applying a time-varying current. They
investigate the final scour profile and summarize the prediction of the scour
development is compatible with the fully coupled hydrodynamic and morphologic
CFD model. Regarding the scour studies around pile breakwaters, Xu, Huang, and
Yao (2019) investigated the effects of solitary wave parameters on maximum scour,
accretion depth, and volumes of sedimentation as they conclude maximum scour
depth and total scour volume are reliable parameters under highly nonlinear wave

conditions regarding the validation of numerical models.

2.2 Tsunami and Structure Interaction Studies

Huang and Dong (2001) numerically investigated solitary wave and coastal dike
interaction. They found out that two vortex generations at the lee side and at the toe
of the dike, respectively, may cause scour and affect the stability of the dike. Liu and
Tao (2004) studied the interaction of solitary waves with semi-circular breakwaters
by numerical models and verified the model with experimental data. They
investigated the vortex generation in different situations where breakwater is
submerged, at the same level as the water level, and emerged. They conclude their
findings may be used to understand contamination transport and transportation of
suspended sediment Young and Testik (2009) conducted experiments with normally
incident monochromatic waves applied to submerged vertical and semicircular
breakwaters to understand the scour mechanism because of tsunami wave breaking.
They concluded the scour mechanism is independent of breakwater type but depends
on the KC number and they divided scour mechanism into two regimes that rely on



the KC number. Xiao, Young, and Prévost (2010) studied hydrodynamic and
morphodynamic modeling of breaking solitary waves. They conducted their
experiments over a fine sand beach. They focused on understanding the erosion
mechanism due to the tsunami by observing the effect of the breaking solitary waves
and also, providing the experimental data for validation of further numerical studies
to predict erosion and deposition processes after a tsunami event. They concluded
that the most significant sediment transport occurred during the drawdown phase and
they observed net erosion on shore and the beach. Hsiao and Lin (2010) investigated
tsunami-like solitary waves that overtop a seawall. They have conducted
experiments and studied the numerical model COBRAS which is based on Reynolds-
averaged Navier-Stokes equations. Their experiments contained three different
cases, and they gave special attention to the vortex evolutionary behavior behind the
seawall. Chen et al. (2013) investigated tsunami-induced scour on coastal roadways.
Their focus in the study is understanding the potential tsunami damage on roadways
and enabling a path to plan disaster relief more efficiently. The authors conclude one
of the most important factors to limit the scour is the distance between roadway and
shoreline by presenting laboratory experiment results. Chen et al. (2016) expanded
the discussion by studying tsunami-induced scour with protection by offshore
breakwaters. They define important parameters to create empirical relations to
understand local scour around the breakwater and assess potential tsunami damage
to prevent excessive damage. They also mention that the submerged breakwaters are
not effectively reducing the tsunami-induced scour but affect the erosion and
deposition of sediment bars. Tsai et al. (2016) investigated the effects of the
breakwater on solitary waves by numerical simulations based on Reynolds-averaged
Navier-Stokes equations. They found the results of a significant reduction of the
runup heights with increasing breakwater heights. On the other hand, the height
increase of the breakwater resulted in increased forces on the structure at the top part.
Jiang et al. (2017) investigated the interaction of tsunami-like solitary waves and
seawalls. They have conducted their numerical simulations on OpenFOAM® using

Navier-Stokes equations and by subjecting a rectangular seawall to solitary waves,



they analyzed wave and flow fields, overtopping discharge, and wave force.
McGovern et al. (2019) focused on scour at onshore structures through experimental
observations. They generated long waves in the laboratory environment to simulate
tsunami scenarios with different inundation durations and they conclude that the
increase in inundation duration increases scour depth as well. Mcgovern, Rossetto,
and Todd (2019) continued their investigations on tsunami scour and they included
tsunami wave forces at onshore structures. They performed experiments with
different structural features and concluded that hydrostatic loading is higher than

hydrodynamic loads in tsunami events.

Even though the literature mentioned above is related to this study, the main scope
is to estimate scour at the rear side of a coastal protection structure (rubble mound
revetment in this thesis) and the literature below is directly related to the focus of the

experiments that shape this study.

Kato et al. (2012) studied the coastal dike failures due to the 2011 Great East Japan
tsunami. They investigated failure patterns and concluded that scour at the landward
toe of the dikes is the dominant failure pattern. Bricker, Francis, and Nakayama
(2012) investigated scour depths around coastal structures after the 2011 tsunami.
They compared measurements of the after-disaster surveys with theoretical and
empirical methods. Authors studied the scour depths, caused by the overtopping of
the tsunami on floodwalls and local scour around building foundations. Tanaka and
Sato (2015) investigated the scoured regions behind embankments generated after
the 2011 Great East Japan tsunami. They conducted their research that focuses on
estimating the damage and hydraulic features of the tsunami. They observed that
overflow type affects the scour characteristics greatly and the maximum energy head
is related to the maximum scour depth. Nakamura et al. (2015) carried out a
numerical model study to investigate local scour at the landward toe of a coastal dike
due to tsunami overflow. They verified their numerical study outputs with physical
experiment data and investigated tsunami force on armor blocks of the dike. They
concluded that armor blocks at the landward side of the dike are vulnerable to the

tsunami overflow because of the pore pressure increase and decrease in the water



pressure. (Wang et al. 2015a) studied scour behind seawalls due to the tsunami
overflow by conducting numerical simulations. They summarized that the maximum
scour depth behind the seawall is proportional to the overflow height. They also
mentioned that the falling height of the overflow is inversely proportional to the

scour depth.

Scour mechanism behind seawalls from tsunami overflow is studied by Wang et al.
(2015Db) as well. They carried out experimental and numerical studies to understand
the mechanism and studied an optimum condition to reduce tsunami wave energy
behind the seawall with an artificial trench. They concluded that the scour behind the
seawall is rapidly generated with the start of the overflow. They also observed that
an artificial trench is an effective solution to reduce the tsunami wave energy behind
the seawall. Jayaratne et al. (2016), identified the failure mechanisms of coastal
protection structure after the 2011 tsunami by investigations of post-tsunami surveys
carried out between 2011 and 2013. They categorized the failure mechanisms, one
of them being local scour at the landward toe of the dikes, and proposed a
mathematical model to predict scour depth at the leeward toe of the coastal dikes
considering soil properties, tsunami hydrodynamics, and structure type. Okura and
Hiraishi (2018) studied scour behind seawalls due to overflowing tsunamis. They
conduct physical experiments with solitary and long sinusoidal waves and
investigated the sand ground behind the seawall after the tsunami attacked the
seawall. They conclude that wave pressure of the ground behind the seawall may
become large during a big tsunami event and appropriate measures must be taken
into consideration in the design process. Rahman, Tanaka, and Reheman (2021)
carried out experiments to reduce the scour and tsunami energy at the rear side of a
seaward embankment with a double layer of vegetation. They used gravel as bed
material and their analysis results showed that the double vegetation is a significantly

efficient way to reduce scouring and tsunami energy.






CHAPTER 3

METHODOLOGY

A series of physical model experiments are conducted to investigate changes at the
rear side of the revetment due to the overtopping of the solitary-like waves. The
methodology for this investigation consists of six stages. In the first stage, a
dimensional analysis using all involved parameters is conducted to evaluate the
importance of the parameters before the experiments started. In the second stage, the
scaling of the model is determined to construct the revetment model. Later, the
experimental setup is built as the necessary parameters are determined. Afterward,
solitary-like waves are generated and calibrated in the wave flume. In the sixth stage,
the overtopping of solitary-like waves is measured, and scour measurements are

conducted. In the upcoming sub-sections, these stages are explained respectively.

3.1 Dimensional Analysis

The structure used in the experiments is a rubble mound revetment which has a core,
a filter, and an armour layer. In addition, a crown wall was placed from the top of

the crest to the core layer, at the back side of the structure.
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Parameters regarding the experimental setup (Adopted from Yildirim



The parameters are shown in Figure 3.1 related to the revetment structure,
overtopping, scour, and accretion process behind the revetment. R, crest height (m),
G, crest width (m), tan « front slope of the structure (1V: 1.5H), n porosity and h,
backfill height (m) and h;,, water depth at the toe of the revetment (0.27 m) are
structure related parameters. Parameters related to overflow are, H,,, solitary wave
height (m) at the toe of the revetment, L,, representative solitary wave length (m),
N number of solitary wave attack the structure during the experiment session, h,
water jet thickness (m), V water jet velocity (m/sn), p, the density of water
(kg/m®), qavg average overtopping discharge per unit width (m?3/s/m).
Parameters related to backfill material are, d,¢, dso and dg, the median diameter of
the backfill material (m) that sediments are finer than 16%, 50% and 84% in
volume, respectively, o grain size distribution of the sediment dg,/d¢, ps the
density of the sediment (kg/m3), T bed shear stress on the backfill surface (Pa), 7.,
critical shear stress of the backfill material (Pa), w, fall velocity of sediment (m/s).
Rest of the parameters are, g gravitational acceleration (9.81 m/s?), S maximum
scour depth (m) at the rear side of the revetment, xs distance of maximum scour
depth from the crown wall (m), Lg width of scour hole in wave direction (m), A
maximum accretion height (m), x, distance of maximum accretion height from the
crown wall (m), Ly width of accretion in wave direction (m), m the bed slope
(1:20), x coordinate in the wave approach direction (m), z coordinate perpendicular

to the wave approach direction (m) and t time (s).

Investigation of morphological changes at the rear side of the rubble mound
revetment due to solitary wave overtopping may be expressed as Equation (3.1),

related to the parameters mentioned above.

H, Lgep, N, tana, m, hye, N Re Go Ry,

ol hoy dso, o, 9, Ps,  Pw Gavgr V., T Ty | =0 (3.1)
WS‘ Si Ar xS' xA' LS’ LA; xl Z: t

Parameters V and t could not be measured during the experiments and they are
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excluded from Equation (3.1). In addition, 7., and wy are directly dependent on ds,,
thus, these parameters are excluded as well. The parameters H, L.y, tana,
m, hoe,, R, and G, are excluded from Equation (3.1) as these parameters are
controlling the average overtopping discharge but indirectly affect the scouring
mechanism. Lastly, as h, and t are omitted as it is directly dependent on qg,,,. After
these steps, Equation (3.1) reshapes as Equation (3.2).
Qavg he dso x5 x4 L
<P<U g Ps Lsz>=0

pw S A N (3.2)

To form the dimensionless parameters, the m Theorem of Vaschy and Buckingham
was applied. Selected independent parameters are p,, g and ds,. The dimensionless

form of the parameters is presented below.

/q?wg he x5 Aor (P 1 X Ls
T g ()t T

[ Agds,’ Pw dso’ dso’
% Ly, «x z s A |=0
O-J 5 5 -, -, —_— (3'3)
dso  dsg dso dsg  dsg

Equation (3.3) contains all the dependent and independent variables. Independent
variables are h.,0,A,qg,4,x,z,and N dependent variables are S, A4,xs,
X4, Lsand L,. The relationship is rewritten in Equation 3.4. Variables in the left
matrix are dependent and variables in the right are independent. Mentioned
parameters are determined after the physical experiment result data are obtained and

investigated.

Ty & [ fe o (0,

Xs  Xg Agdgo’ dso’ W '

i a|=e X z (3.4)
50 Qso o, —_—, —_—,

LS LA d50 d5()

— - N

_dso dso_
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3.2  Scaling of the Rubble Mound Revetment

Hughes (1993) states that the Froude model criterion is the most frequently used in
hydrodynamic models of coastal engineering problems. The approach has the
principle of using gravitational forces to balance inertial forces occurring at the free
surface. Froude Number definition is Fr = V2/gh, where V is the water particle
velocity, h is the water depth and g is the gravitational acceleration. The principle
of the Froude model criterion is Froude number of the model and the Froude number
of the prototype must be equal (Fr,, = Fr,). Subscripts m and p represent model
and prototype, respectively. To create geometric similarities, length scale (4,) is set
as Ly, /L, = A, L represents the parameters in length dimension. Time scale (A1)
and scale of overtopping (4,) per unit have the relations with the length scale as
follows, 1r = A9° and 1, = A]°. Another issue of scaling the rubble mound
structure is the water density effect. This effect occurs because of the differences in
densities of water used in the model and the prototype. The water used in the model
experiments was fresh water, but the prototype would be subjected to salt water.
Dynamic similarity conditions are defined by Hudson et al. (1979) to determine the
weight scale (4,,). For determining the model armor and filter stones, the method of
Hudson, is used to solve the density difference of water in the model and prototype.
Regarding the viscous effects of the scaled model, the approach, that considers the
ratio of the pore velocities for both model and prototype according to the Froude
laws, given by Burcharth, Liu, and Troch (1999) was used. The material used in the
core is adjusted in diameter to create sufficient wave energy dissipation. The
roughness effect of the model armor unit rocks is solved by painting the rocks as in
small scale models as Hughes (1993) states unlike the large scale prototypes the
surface roughness of the rocks is smaller in models and model roughness may not

similitude with the prototype.

Consideration of geometrical and dynamic similarity features, as well as viscous and

roughness effects, and properties of the revetment, are given below.
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Table 3.1 Properties of Rubble Mound Revetment

Unit Dysoprototype  Dnsomoaer  Stone  Class  Stone Class — n0qe

Name  (meter) (centimeter) (Prototype — (Model — (porosity)
ton) gram)

Armor | 1.72 4.46 12-15 210-265 0.38

Toe 1.72 4.46 12-15 210-265 0.38

Filter | 0.77 1.99 0.4-2 7-35 0.41

Core 0.36 1.30 0.01-0.25 0.4-10 0.41

3.3  Building the Experimental Setup

Experiments are conducted at Middle East Technical University, Civil Engineering
Department, Coastal and Ocean Engineering Laboratory wave flume. Wave flume

has 1.0 m depth, 26.9 m length, and 6.0 m width. Waves are generated by a single

block piston-type wave generator, which is 6.0 m wide, produced by DHI.

Figure 3.2 Wave Generator

The net length of the wave flume that waves can propagate, excluding the 6.3 m of
passive wave absorption system, is 20.6 m. In the middle of the flume, there isa 1.5
m wide channel that has window sides for better observation. This channel is
separated into two parts having 0.9 m and 0.6 m. The experimental setup is
constructed inside the 0.9 m part to reduce the time requirement of leveling and
flattening the backfill material and profile measurement time. More than 60 percent
of the time was spent on these procedures for a single experiment session so reducing

the channel was a necessity. 4.7 m of flat bottom having 0.02 m thickness was
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constructed to support the backfill material and rubble mound revetment. In front of
the revetment alignment, a 7.2 m long bottom with 0.02 m thickness which has a
slope of 1/20 was constructed. The reason that the 1/20 slope is chosen is the fact
that to let waves propagate in deep water without any deformation for some time and
then let waves deform. Geometric dimensions of the wave flume governed the choice
of the length of the slope. The layout plan of the wave flume and experiment setup
is presented in Figure 3.4 provided with a cross-sectional view of the locations of the
wave gauges that enabled the calibration and measurement of the wave parameters.

Figure 3.3 Perforated Sheet on the Armor Layer of Revetment

After the bottom is constructed, revetment units are placed. Before the armor unit
placement, the crown wall is constructed just above the core layer and the wall is

stabilized. Armor units are placed into their positions, and they are stabilized with a
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square hole perforated sheet which has 2 x 2 cm openings (Figure 3.3). 93 percent of

the front area of the armor is open to wave attack.
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Figure 3.4 Layout Plan of Wave Flume with Experimental Setup (Adopted from
Yildirim, 2021)

To prevent any sediment loss from the pores of the revetment or sides of the setup,
a water-permeable geotextile filter is placed behind the revetment, under, and sides
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of the backfill bed all along. The filter had so small openings that it prevented the

escape of the smallest particle of the backfill sediment while enabling the water

movement.

Figure 3.5 Placement of the Geotextile Filter

After these procedures, the flume is ready to conduct the experiments. The general

view of the flume is given in Figure 3.6.

34 Wave Calibration

Wave calibrations are done daily by recording water elevation using DHI-202 type
wave gauges of 0.6 m. The sampling frequency was kept at 40 Hz. Before every
experiment session, the flume was filled with water at a certain level and one minute
of a recording is captured. This process is repeated two more times with different
water levels and calibration is done by coupling voltage values with water surface

elevation.
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Figure 3.6 General View of the Wave Flume and Experimental Setup

3.5  Solitary Wave Generation

In the experiments, solitary waves are used. The waves are generated using a piston-

type wave generator. Piston movement and paddle trajectory are based on the
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methodology suggested by Malek-Mohammadi and Testik (2010) given in Equation
3.5.

dt hwater 2 water + nwave

d w w w
§ _ jg Nwave (hwater'i'n ave) (h Nwave ) (35)

In equation 3.5, ¢ is the trajectory of the paddle, t is time, g is the gravitational
acceleration, h,, 4 IS the water depth and 1,4, 1S the wave profile for the solitary

wave. The approximate solution for the solitary wave is given in Equation 3.6.

Nwave = H sech? [kdecay (x — ct)]

(3.6)

kdecay = \/(SH)/(4h3vater) (3 7)

c= \/g (hwater + H) (3.8)

K, = ( ) (3.9)

y hwater 4hwater

Qs =Ksxc (3.10)
2m

Ty =% (3.11)
s

In equations 3.6, 3.7, and 3.8, H is the height of the solitary wave, kg.cq, is the
outskirt decay coefficient, c is the wave celerity, and Ty is the effective period. The
paddle trajectory equation is integrated into Boussinesq’s Solution and as the result
of the piston movement solitary-like waves are generated. When the profile of the
generated wave is compared with the theoretical profile of a solitary wave, a slight

difference is observed.

Three different solitary-like waves are generated and the comparison of profiles of
the solitary waves and theoretical solitary wave profiles of corresponding wave

heights are shown in Figure 3.7, Figure 3.8, and Figure 3.9. The profiles of the
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solitary-like waves are from the measurements in front of the wave generator paddle

as the first of the recorded signal is not affected, i.e. not deformed, from any depth

effects.
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Figure 3.7 Comparison of Experimental Wave vs. Theoretical Solitary Wave
Solution — Wave Set 1
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Figure 3.9 Comparison of Experimental Wave vs. Theoretical Solitary Wave
Solution — Wave Set 3

Solitary-like waves deformed along the slope as the depth changed along with the
propagation of the wave direction. The initial heights and the final heights recorded

in front of the revetment are presented in

Table 3.2 Wave Heights of Generated Solitary-like Wave Sets

Wave Set H in front of Wave Effective Period of H at Toe of
Generator (cm) Solitary Wave (s) Revetment (cm)
1 5.58 5.92 8.53
2 6.88 5.28 9.59
3 7.94 4.88 10.15
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3.6  Overtopping and Scour Measurements

Wave overtopping volumes are measured by a galvanized steel sheet overtopping
gutter which has 25 cm in width. Every solitary wave is sent to attack the revetment
3 times and the mean of the 3 overtopping volumes is taken as the overtopping

volume of the related solitary wave.

Figure 3.10 Overtopping Gutter on the Revetment

To convert the overtopping volumes to average overtopping discharges, videos of
the overtopping instant of the waves are captured at 5 different points on the crown
wall (Figure 4.1). From the same videos, jet thickness is measured with an accuracy
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of 1. mm. The camera used to capture the videos is Sony RX0 Mark Il. The touch of
the overtopping wave to the crown wall is accepted as the flow start time and the
time the flow stopped over the crown wall is accepted as the end time of the jet flow.
The difference between the start and end time of the jet flow is jet flow duration and
by dividing overtopping volume by jet flow duration, average overtopping discharge

values are calculated.

Figure 3.11 A Screenshot from Flow Thickness and Duration Measurement Videos
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Figure 3.12 Lazer Point Lines of Scour Measurements

Backfill material is placed in its place and a smooth surface is created by compacting
the backfill area while it is flooded. The reason for compaction in the flooded phase is
to achieve a smooth surface by distributing the grains on the surface by their natural
settling velocity. After a smooth surface is observed underwater, the water is drained
slowly without letting it disturb the surface profile until the experiment water level is

achieved.

The laser sensor used in the system to take vertical measurements is the Banner® brand
LTF241C2LDQ model. Its accuracy is below 0.3 mm. In Figure 3.12, the measurement
lines that the laser has followed are presented. Measurements are taken for every 1
cm on a line. 10 cm gaps are placed between the lines and measurements of 7
different lines are taken and the average of the 7 lines are accepted as the scour depth
to present scour evolution in a two-dimensional form. In Figure 3.13, it is shown that
the mean of all 7 lines of measurement is representative of the scour formation, and

the differences between the individual measurements of laser line paths are close to
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each other. For the respective test, absolute percentage errors of each individual line
measurement are, 0.047, 0.023, 0.014, 0.011, 0.028, 0.050, 0.11 and the mean of the
errors is 0.04. The backfill area is let drain after every wave attack. In a real-life
scenario, this would not be the case where the complete drainage is satisfied but, in
the laboratory environment, we had to wait for the water body in the wave flume to

be settled down to generate solitary waves without any disturbance.
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Figure 3.13 Laser Line Measurements and Mean of the Measurements for Test 1
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CHAPTER 4

RESULTS

4.1  Overtopping Results

As mentioned in the methodology, overtopping of the solitary waves is measured by
a 25 cm wide gutter. Volumes that overtopped the revetment and gathered with the

gutter are presented in Table 4.1.

Table 4.1 Overtopped Volume of Solitary-like Waves (I)

Wave Set Wave No.  Volume (I) Mean Volume (1)

DA-1.1 5.00

Set-1 DA-1.2 4.90 4.97
DA-1.3 5.00
DA-2.1 7.35

Set-2 DA-2.2 7.25 7.25
DA-2.3 7.15
DA-3.1 8.75

Set-3 DA-3.2 8.75 8.77
DA-3.3 8.80

The average of three waves in a set is accepted as the overtopping volume of the
related solitary-like wave. The overflow jet thickness measurements and overtopping
duration tests carried out for Set-1, Set-2, and Set-3 solitary waves for 5 different
points each, are presented in Table 4.2 and it is observed that as the wave height

increases, overtopped volume of the wave is increased as well.
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Figure 4.1 Points of Jet Thickness and Overtopping Duration Measurements

Table 4.2 Durations and Jet Thicknesses Measured During Overtopping Process

Average Average
Wave Point Duration of Jet Thickness Overtopping Jet
Set Overtopping (sec) (cm) Duration Thickness
(sec) (cm)
1 1.57 4.30
2 1.60 4.50
Set-1 3 1.69 4.20 1.70 4.26
4 1.80 4.00
5 1.82 4.30
1 1.82 5.20
2 1.81 5.00
Set-2 3 1.75 4.70 1.76 4.98
4 1.74 5.00
5 1.68 5.00
1 1.82 5.70
2 1.82 5.70
Set-3 3 1.77 5.40 1.81 5.60
4 1.83 5.50
5 1.83 5.70
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From Table 4.1, using the volume of overtopped water and from Table 4.2, durations
of overtopping flow, the average overtopping discharge for the generated wave sets

are determined and presented in Table 4.3.

Table 4.3 Wave Heights of Generated Solitary-like Wave Sets

Wave Set  Average Overtopping Discharge (I/sec)

Set 1 11.73
Set 2 16.48
Set 3 19.35

4.2  Scour Experiment Results

For scour experiments, 18 different combinations of H,,,, ds,, h. and N are used
and resulted. For each combination of H,,,, ds, and h., scour profile evolutions are
observed. After the scour profiles are determined, multiple regression analysis is
conducted to analyze the effects of parameters on maximum scour depth and predict

the maximum scour depth depending on the parameters of combination used.

Table 4.4 Tests Conducted and Related Parameters

Test  dso (M) h.(M) Hge (M) Number of Experiments Number of
No. Conducted Measurements

1 0.00021  0.03 0.086 10 6

2 0.00021 0.03 0.096 10 5

3 0.00021 0.03 0.102 10 8

4 0.00021  0.06 0.086 10 3

5 0.00021  0.06 0.096 10 3

6 0.00021 0.06 0.102 10 3

7 0.00066  0.00 0.086 10 6

8 0.00066  0.00 0.096 10 6

9 0.00066  0.00 0.102 10 6

10 0.00066  0.03 0.086 10 5
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Table 4.4 (continued)

11 0.00066  0.03 0.096 10 5
12 0.00066  0.03 0.102 10 5
13 0.00066  0.06 0.086 10 5
14 0.00066  0.06 0.096 10 5
15 0.00066  0.06 0.102 10 5
16 0.00335  0.03 0.086 3 3
17 0.00335  0.03 0.096 3 3
18 0.00335  0.03 0.102 3 3

Maximum scour depths measured at the rear side of revetment due to solitary-like
wave overtopping for each experiment are presented in Table 4.5. In total, 85

experiments are conducted.

Table 4.5 Maximum Scour Depths at Rear Side of Revetment

TestNo.  dsg (M) he (M) Hye (M) N qgpg(lt/s/im) S (m)

Testl-W1 0.00021 0.03 0086 1 11.73 0.0049
Testl-W2 0.00021 0.03 0.086 2 11.73 0.0106
Testl-W3 0.00021 0.031 0.086 3 11.73 0.0166
Testl-W5 0.00021  0.03 0.086 5 11.73 0.0266
Testl-W7 0.00021 0.03 0.086 7 11.73 0.0347

Testl-W10 0.00021 0.03 0.086 10 11.73 0.0465
Test2-W1 0.00021 0.03 00% 1 16.48 0.0061
Test2-W2 0.00021  0.03 0.09% 2 16.48 0.0112
Test2-W3  0.00021  0.03 0.09% 3 16.48 0.0164
Test2-W5 0.00021 0.03 009 5 16.48 0.0256

Test2-W10 0.00021 0.03 0.096 10 16.48 0.0409
Test3-W1 0.00021 0.03 0102 1 19.35 0.0072
Test3-W2 0.00021 0.03 0102 2 19.35 0.0105
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Table 4.5 (continued)

TestNo.  dso (M) he (M) Hee (M) N qgpg(lt/s/im) S (m)
Test3-W3 0.00021 0.03 0102 3 19.35 0.0145
Test3-W4  0.00021 0.03 0102 4 19.35 0.0190
Test3-W5 0.00021 0.03 0102 5 19.35 0.0246
Test3-W6 0.00021 0.03 0102 6 19.35 0.0292
Test3-W7 0.00021 0.03 0102 7 19.35 0.0350
Test3-W10 0.00021 0.03 0.102 10 19.35 0.0452
Test4-W1 0.00021 0.06 0.086 1 11.73 0.0118
Test4-W2 0.00021 0.06 0.086 2 11.73 0.0196
Test4-W3 0.00021 0.06 0.086 3 11.73 0.0260
Test5-W1 0.00021 0.06 0096 1 16.48 0.0111
Test5-W2 0.00021 0.06 0.096 2 16.48 0.0191
Test5-W3  0.00021 0.06 0.096 3 16.48 0.0254
Test6-W1 0.00021 0.06 0102 1 19.35 0.0142
Test6-W2 0.00021 0.06 0.102 2 19.35 0.0226
Test6-W3 0.00021 0.06 0102 3 19.35 0.0286
Test7-W1 0.00066 0 0086 1 11.73 0.0006
Test7-W2  0.00066 0 0.086 2 11.73 0.0037
Test7-W3  0.00066 0 0.086 3 11.73 0.0073
Test7-W5  0.00066 0 0.086 5 11.73 0.0142
Test7-W7  0.00066 0 0.086 7 11.73 0.0214
Test7-W10 0.00066 0 0.086 10 11.73 0.0324
Test8-W1 0.00066 0 0096 1 16.48 0.0018
Test8-W2  0.00066 0 0.096 2 16.48 0.0057
Test8-W3  0.00066 0 0.096 3 16.48 0.0089
Test8-W5  0.00066 0 0.096 5 16.48 0.0168
Test8-W7  0.00066 0 0.096 7 16.48 0.0251
Test8-W10 0.00066 0 0.096 10 16.48 0.0370
Test9-W1 0.00066 0 0102 1 19.35 0.0025
Test9-W2  0.00066 0 0102 2 19.35 0.0064
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Table 4.5 (continued)

TestNo.  dso (M) h.(M) Hepe (M) N ggyg(lt/s/m) S (m)

Test9-W3  0.00066 0 0.102 3 19.35 0.0095
Test9-W5  0.00066 0 0102 5 19.35 0.0162
Test9-W7  0.00066 0 0102 7 19.35 0.0249
Test9-W10 0.00066 0 0.102 10 19.35 0.0380
Testl0-W1 0.00066 0.03 0086 1 11.73 0.0050
Testl0-W2 0.00066 0.03 0.086 2 11.73 0.0120
Testl0-W3 0.00066 0.03 0.086 3 11.73 0.0180
Test10-W5 0.00066 0.03 0086 5 11.73 0.0303
Test10-W10 0.00066 0.03 0.086 10 11.73 0.0521
Testl1-W1 0.00066 0.03 009% 1 16.48 0.0056
Testll-W2 0.00066 0.03 0.09% 2 16.48 0.0126
Test11-W3 0.00066 0.03 0.09% 3 16.48 0.0184
Testl1-W5 0.00066 0.03 0.096 5 16.48 0.0294
Test11-W10 0.00066 0.03 0.096 10 16.48 0.0534
Testl2-W1 0.00066 0.03 0102 1 19.35 0.0073
Testl2-W2 0.00066 0.03 0.102 2 19.35 0.0146
Testl2-W3 0.00066 0.03 0102 3 19.35 0.0220
Test12-W5 0.00066 0.03 0102 5 19.35 0.0336
Test12-W10 0.00066 0.03 0.102 10 19.35 0.0568
Test13-W1 0.00066 0.06 0086 1 11.73 0.0118
Test13-W2 0.00066 0.06 0.086 2 11.73 0.0170
Test13-W3 0.00066 0.06 0086 3 11.73 0.0233
Test13-W5 0.00066 0.06 0086 5 11.73 0.0302
Test13-W10 0.00066 0.06 0.086 10 11.73 0.0517
Testl4-W1 0.00066 0.06 00% 1 16.48 0.0130
Test14-W2 0.00066 0.06 0.0% 2 16.48 0.0194
Test14-W3 0.00066 0.06 0.09%6 3 16.48 0.0263
Testl4-W5 0.00066 0.06 0096 5 16.48 0.0336
Test14-W10 0.00066 0.06 0.096 10 16.48 0.0564
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Table 4.5 (continued)

Test No. dso (M) he (M) Hipe (M) N qgyg(lt/s/m) S (m)

Testl5-W1 0.00066 0.06 0102 1 19.35 0.0112
Testl5-W2 0.00066 0.06 0102 2 19.35 0.0172
Test15-W3 0.00066 0.06 0102 3 19.35 0.0230
Testl5-W5 0.00066 0.06 0102 5 19.35 0.0347
Test15-W10 0.00066 0.06 0.102 10 19.35 0.0508
Testl6-W1 0.00335 0.03 0086 1 11.73 0.0102
Testle-W2 0.00335 0.03 0086 2 11.73 0.0133
Testl6-W3 0.00335 0.03 0.086 3 11.73 0.0160
Testl7-W1 0.00335 0.03 0.0% 1 16.48 0.0123
Testl7-W2 0.00335 0.03 009 2 16.48 0.0169
Testl7-W3 0.00335 0.03 0.0 3 16.48 0.0218
Test18-W1 0.00335 0.03 0102 1 19.35 0.0182
Test18-W2 0.00335 0.03 0102 2 19.35 0.0230
Test18-W3 0.00335 0.03 0102 3 19.35 0.0342

From Table 4.5 it can be concluded that maximum scour depth for the first few wave
attacks increased gradually. It can be said that with a proper amount of wave attacks,
an equilibrium stage may be reached for the backfill scouring but it is not in the scope
of this study. In Figure 4.2, it can be observed that the scour slope gets milder after
every wave attack. The normalization of the scour depth is done by dividing the scour

measurements to the maximum scour depth to investigate AS relation with N.
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Figure 4.2 Normalized Scour Depth vs Distance to the Crown Wall for Test 1

421 Scour Profile Evolution

Rear side profiles of revetment are measured after wave attacks and the evolution of
scour profiles is observed in every test. In Figure 4.3, scour profile measurements

for different wave attacks in Test 1 are presented.

From the observations, it is seen that scour hole is generated near the crown wall
except in a few cases where scour hole has occurred just next to the crown wall. The
reason behind this unexpected occurrence is that the wave pressure exceeds a limit

and resulting in the rear side movement.
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Figure 4.3 Scour Profile Evolution of Test 1
4.2.2 Multiple Regression Analysis

Results of rear side scour profiles are investigated, and the most effective parameters
of the scouring mechanism are found as q,,4, h, and N. Linear regression analysis
is conducted and not a robust relation is found between dependent and independent
variables. The investigation is continued with logarithmic regression analysis and
the results are found in better agreement. The relationship between dimensionless
scour depth and effective parameters are presented in Figure 4.4, Figure 4.5, and
Figure 4.6. Multiple regression analysis is conducted in IBM SPSS Statistics

Software.
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Figure 4.6 Relationship Between the Dimensionless Scour Depth and Dimensionless
Backfill Height

From Figure 4.4, Figure 4.5, and Figure 4.6 it is observed that dimensionless scour
depth is highly correlated with the dimensionless average overtopping discharge,
dimensionless backfill height, and wave count. The R? values for Figure 4.4, Figure
4.5, and Figure 4.6 are found as 0.40, 0.36, and 0.32, respectively.

Table 4.6 Coefficients Determined by Multi Regression Analysis

Dependent Independent Std. R-
B Beta
Parameter Parameters Error Square
Constant -0.759 0.102 -
2
davg 0132  0.023 0.334
S Agd?
50 0.973
dso h.
— 0.483 0.062 0.449
dso
N 0.763 0.031 0.524

In Table 4.6, coefficients determined from multi regression analysis are presented. It
is noted that standard errors for the independent variables are low and the R-Square
of the multi regression analysis is 0.973 which implies that the correlation is highly

positive. In the results, unstandardized coefficients are used as independent variables
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are measured in their original scales i.e, the same units which are taken from the
source to train the model. Beta values show the degree of change in the outcome of
dimensionless scour prediction. N has the highest beta value thus, it is the most
effective parameter for maximum scour depth. Backfill depth is the second most
effective parameter meaning that the velocity gained by water while falling from the

crown wall to the backfill has a higher effect than the overtopping discharge in the
experiments conducted.
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Figure 4.7 Correlation of Estimated Dimensionless Scour Depth with Measured
Dimensionless Scour Depth

The results of multi regression analysis are used to derive an equation to predict the
maximum dimensionless scour depth with parameters of dimensionless average
overtopping discharge, dimensionless backfill depth, and wave count. In Equation
(4.1) general formula for the prediction formula of dimensionless scour depth is

given. In Equation (4.2) the coefficients are placed and the final form of the equation

2
is derived. The valid range of the equation is, 0.96 < — < 371, 241 < davg
d50 Agdso

250000, 0 < dh— <286and1 < N < 10.
50

38



S qgwg 4 he ¢ D (4.1)
£ =on () ()
dso p( ) Agdgo dso

2 0.132 0.483
== 0468 (;og) (=) NOTES (4.2)
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

In this chapter, the discussions on the results of the physical experiments and
conclusions are presented. Firstly, one of the primary research questions of the study
is to investigate how different wave conditions affect the scour at the rear side under
the same structural and morphological conditions. It was seen in the experiments that
average overtopping discharge is directly related to solitary wave height at the same
depth. Furthermore, it is observed that scour increases when the average overtopping
discharge is increased. Moreover, in terms of the shape of the scour profiles, the first
few attacking waves show similar scour profiles at the rear side of the coastal

revetment.

In the, it is observed that the depth of the scour hole varies with overflow discharge,
grain size diameter, and backfill depth. During the experimental studies, it is seen
that the overflow discharge is directly dependent on the solitary-like wave height.
As a result, when the wave height is increased, the overflow discharge is increased.
Furthermore, scour hole depth and overflow height are also a direct correlation.
Therefore, scour hole depth is increased as the overflow discharge and wave height
are increased. Another parameter is determined as the median grain size diameter of
the backfill material. For the loose sand, it is seen that the scour depth is increased
with increasing grain size diameter since the sediment transport rates are directly
related to the grain size. This applies to the gravel backfill with the heights median
diameter of sediment used in the physical experiments. Even though the scour depth
is higher for the increased median diameter, it is noted that the number of sediment
grains that are moved decreases as the grain size diameter increases. Finally, it is
observed that the backfill depth is an effective physical property for the scouring
mechanism. As the backfill depth is increased, the depth of the scour hole is

increased since the overtopped water volume hits the backfill material with higher
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vertical velocities. Therefore, it applies higher impact pressures on the sediment at

the rear side, which results in deeper scour depths.

Regarding the relation between the number of overtopped waves and the scour
profiles, it is investigated that the scour depths are gradually increasing with the
increasing number of overtopped solitary waves. On the other hand, the shapes of
the scour profiles for Test 4-5-6 and, Test 13-14-15 are deformed after the attack of
the first few waves on the coastal revetment. In the experiments, the reason behind
this issue is visually observed. It must be noted that these tests have a common
parameter which is h. and for these experiments h. is 0.06 m. As the backfill
material at the rear side of the structure is eroded, the wave pressure under the crown
wall resulted in a motion of the sediment which lies near the crown wall. Therefore,

for the regarding experiments, the shapes of the scour profiles are deformed.

In the results section, it is noted that the most effective parameters of the scouring
mechanism are qqy4, he and N for this study. The result of multiple regression
analysis is visualized in the figure below and shows the compatibility of the predicted
equation for the dimensionless scour depth with measured dimensionless scour
depths.

In this study, the results of physical experiments are limited to the maximum scour
depth at the rear side of the revetment. The reason behind this limitation is that the
rear side section is not long enough to observe and measure the total scour length
and accretion process. The flow due to the overtopping of solitary-like waves is
partly absorbed by the rear side sediment and partly escaped the rear side at the end.
In further research, it is possible to observe and measure the scour length, accretion

height, and accretion zone length in detail with a rear side of proper length.

This study shows that there is a strong correlation between scour depth and selected
independent parameters for the same structural conditions such as crest width, crown
wall type, structure front slope, solitary wave shape, grain sizes, and compaction of

backfill material. Research on this topic may be extended for different structural
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conditions to derive a generic formula to predict maximum scour depth at the rear

side of a rubble mound revetment.
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APPENDICES

A. Rear Side Scour Formations for dgg = 0.21 mm
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Figure 6.1 Scour Profile Evolution of Test 1
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Figure 6.2 Scour Profile Evolution of Test 2
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Figure 6.3 Scour Profile Evolution of Test 3
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Figure 6.4 Scour Profile Evolution of Test 4
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Figure 6.5 Scour Profile Evolution of Test 5
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Figure 6.6 Scour Profile Evolution of Test 6
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B. Rear Side Scour Formations for dsy = 0.66 mm
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Figure 6.7 Scour Profile Evolution of Test 7
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Figure 6.8 Scour Profile Evolution of Test 8
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Figure 6.9 Scour Profile Evolution of Test 9
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Figure 6.10 Scour Profile Evolution of Test 10
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Figure 6.12 Scour Profile Evolution of Test 12
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Figure 6.13 Scour Profile Evolution of Test 13
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C. Rear Side Scour Formations for dso = 3.35 mm
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Figure 6.16 Scour Profile Evolution of Test 16
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Figure 6.17 Scour Profile Evolution of Test 17
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