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ABSTRACT

A CASE STUDY ON THE STABILITY OF BERM TYPE
COASTAL DEFENSE STRUCTURES

Fiskin, Goékge
M.Sc., Department of Civil Engineering
Supervisor: Prof. Dr. Aysen Ergin

Co-Supervisor: Assoc. Prof. Dr. Ahmet Cevdet Yalginer

December 2004, 99 pages

Coastal defense structures have primary importance from obtainabilty of
resources and benefits served by the coastal regions point of view. However, the
construction of coastal defense structures demand a high amount of investment.
Therefore, in order to reduce the risk of collapse of these structures, model

studies should be carried during the design process.

In this study, model investigations were carried out on Eastern Black Sea
Highway Project regarding the serviceability and damage thus stability
parameters. 5 different models were constructed as berm type rubble-mound
breakwaters using Van Der Meer’s approach and berm design guidelines, with a
scale of 1/31.08 and they were tested both for breaking and non-breaking
waves. The experiments took place in the Coastal and Harbor Engineering

Laboratory of the Middle East Technical University, Civil Engineering Department.
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The models were constructed and tested with different berm widths and
armor stone sizes forming the back armor layer in order to examine the effect of
these design parameters on the stability and serviceability of the coastal defense

structure to obtain the optimum alternative cross-section.

Cumulative damage was minimum for the cross-section constructed with
berm width 15 m assigning the width of the prototype. Water spray and run-up
values were also not significant.

The test results were confirming with Van Der Meer design approach.

Keywords: Rubble-mound Breakwater, Damage, Stability, Berm, Armor Stone
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BASAMAK TiP KIYI KORUMA YAPILARININ DENGE DURUMLARININ
UYGULAMALI ARASTIRILMASI

Fiskin, Gokge
Yiiksek Lisans, insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Aysen Ergin

Yardimci Tez Yoneticisi: Dog. Dr. Ahmet Cevdet Yalginer

Aralik 2004, 99 sayfa

Kiyi alanlarinin sundudu kaynaklar ve faydalarin elde edilebilirligi
konusunda kiy1 koruma yapilan birincil éneme sahiptir. Ancak kiyi koruma
yapilarinin insaati bayuk bir yatinnmi gerektirmektedir. Bu nedenle bu yapilarin

yikilmasini dnlemek icin tasarim stirecinde model deneyleri yapilmaldir.

Bu calismada denge, glvenlik ve kullanilabilirlik gereksinimleri géz éniine
alinarak Dogu Karadeniz Sahil Yolu Projesi model deneyleriyle test edilmistir. 5
farkh basamak tipi tas dolgu dalgakiran modeli 1/31.08 6lgegiyle insa edilmis ve
bu modeller kirllan ve kirilmayan dalga etkileri altinda test edilmistir. Deneyler,
Orta Dogu Teknik Universitesi, Insaat Mihendisligi Bélim, Kiyi ve Liman

Mlhendisligi Laboratuvari’nda gercgeklestirilmistir.
Tasarim  parametrelerinin Kiyi koruma vyapisinin  dayanim ve

faydalanilabilirlik 6zellikleri Gzerindeki etkisini inceleyebilmek igin, modeller farkl

basamak genislikleri ve tas blytkllkleri ile insa edilmis ve test edilmistir.
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Minimum artan hasar dederleri 15 metre basamak genisligine sahip kesit
Uzerinde gbdzlenmistir. Su sigrama ve tirmanma dederleri de bu kesit igin belirgin

degildir.

Test sonuglari Van der Meer yaklasimiyla tutarhlik géstermistir.

Anahtar kelimeler: Tas Dolgu Dalgakiran, Hasar, Denge, Basamak, Anrosman
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CHAPTER 1

INTRODUCTION

Earth surface area is covered by the seas with a percentage of 75% . This
means that humankind should use and handle the resources which are
obtainable from the seas covering the earth. In order to capture this advantage,
people had been always settling in the places that are nearby or by the sea. This
resulted in the need of coastal defense structures. Coastal defense structures
serve not only for handling the resources of the coastal regions but also for
sheltering, transporting and etc. Especially, the coastal structures are built to

protect coastal facilities, such as harbors and highways from severe wave action.

Breakwaters are the mostly used type of coastal defense structures.
There are also different types of breakwaters. These are briefly classified as

detached, reef, floating, vertical-front, piled and rubble-mound breakwaters.

In Turkey rubble-mound breakwaters are mostly used due to some
restrictions and availabilities. The selection of type of breakwater depends on the
availability of armor units, wave climate, depth of construction, foundation
conditions, easiness of maintenance and the simplicity of the construction

method.

Design and construction processes of coastal defense structures have to
be carried out carefully, since the opposing forces are the forces of nature, which

can not be underestimated. The design of these structures should be done

considering stability, serviceability and safety as well as economy.



In order to achieve a safe, stable, economic and serviceable coastal
protection, it is always recommended that the coastal defense structures must
be designed by coastal engineers considering all vital parameters and the

constructions must be carried out under their supervision.

The construction of coastal protection structures demand big amounts of
investments. Therefore, proper design is important from both contractor and
client point of view. To design a stable, safe, economic and serviceable coastal
protection structure contemporary design methods and model investigations are
of vital importance. Model studies, in most cases lead to the most effective and
safest design by optimizing the design where the total cost is kept as minimum
but efficiency and stability increased to maximum. The model investigations also
require a certain cost, but this cost is almost negligible when compared to the

economic benefit achieved and the total cost of the structure.

In Turkey some regions are critical to construct coastal defense structures
due to the effect of bathymetry, severe wave climate, coastal topography and
agricultural conditions. Eastern Black Sea Region is the hardest place to
construct coastal defense structures since the topographic conditions by the
coastal line and wave climate conditions of Black Sea are very rough. Therefore,
special care must be given to design of coastal protection structures that are to

be constructed along the Black Sea Coasts.

However, when the past events took place along the Black Sea Coastal
Line are analyzed, negligence in the design of coastal protection structures is
barely faced. There is an ongoing project named as Eastern Black Sea Coastal
Highway Project. Some collapses also took place at some branches of this
project. As a result In the Middle East Technical University, Civil Engineering
Department, Coastal and Harbor Engineering Laboratory, a research on
rubble- mound coastal protection structure of the Eastern Black Sea Coastal
Highway Project had been started by Dedeoglu R. (2003) and Taskiran 1. (2003)
including the model studies on the proposed cross-section by Karayollari Genel

MUdiarliga and on alternative cross-sections designed by the researchers.

Our model studies were carried out starting from the last model applied
by Dedeodlu R. and Taskiran I. in order to design most economic and safe cross-
section. Selection of the design wave characteristics from the long-term and
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short-term wave statistics, checking the breaking and non-breaking wave
conditions at the construction depth of the structure were done for the selected
Giresun region as the basic steps in the design procedure. In our country due to
availability of rock material and simplicity of the construction method,

rubble- mound coastal protection structures are preferred.

In this study a contemporary design method named Van Der Meer Method
(CEM, 2003) was used alternative to Hudson Method (CEM, 2003). This method
is based on dynamic stability resulting in smaller armor weights. In addition, a
new type of rubble-mound breakwaters, berm breakwater design was carried,

which is in accordance with Van Der Meer design method.

Model with most optimum safety, stability, serviceability, and economy

was determined from five tested model cross-sections.

In chapter 2, the methods used for the design of models are summarized.

In addition, a brief summary on breakwater types was given.

In chapter 3, cross-sectional details of the models with model scale and
wave flume characteristics are given. Within this chapter, determination of wave

properties and model scale is also discussed in detail.

In Chapter 4, inputs of the experiments, measurements and results of the
each set of experiments carried out for each model are presented in detailed
tables and figures. These tables and figures are also explained considering

damage criteria.

In Chapter 5, conclusion and discussion is presented and future studies

are recommended.



CHAPTER 2

LITERATURE REVIEW

Coastal regions offer several benefits to the humankind living nearby the
sea. In order to take the advantage of using these resources, construction of
coastal defense structures is necessary. Since the construction process of the
rubble mound breakwaters and other coastal defense structures are expensive
and hard because of the fact that the opposing forces are the forces of nature,
which cannot be underestimated, design engineers have to carry a
comprehensive study in order to determine most optimum conditions for the

structure. These conditions are classified as safety, economy and serviceability.

There are several types of breakwaters. Before starting the design
concept on rubble mound breakwaters, it is appropriate to summarize the types
of breakwaters (CEM, 2003).

2.1 Breakwater Types

2.1.1 Detached breakwaters

Detached breakwaters are small, relatively short, non-shore connected
near shore breakwaters with the principal function of reducing beach erosion.
They are built parallel to the shore just seaward of the shoreline in shallow water
depths. Multiple detached breakwaters spaced along the shoreline can provide
protection to substantial shoreline frontages. The gaps between the breakwaters
are in most cases on the same order of magnitude as the length of one individual

structure.



Each breakwater reflects and dissipates some of the incoming wave
energy, thus reducing wave heights in the lee of the structure and reducing
shore erosion. Beach material transported along the beach moves into the
sheltered area behind the breakwater where it is deposited in the lower
wave energy region. The near shore wave pattern, which is strongly influenced
by diffraction at the heads of the structures, will cause salient and sometimes
tombolos to be formed, thus making the coastline similar to a series of pocket
beaches. Once formed, the pockets will cause wave refraction, which helps to

stabilize the pocket-shaped coastline.

Detached breakwaters are normally built as rubble-mound structures with
fairly low crest levels that allow significant overtopping during storms at high
water. The low-crested structures are less visible and help promote a more even

distribution of littoral material along the coastline.

Optimizing detached breakwater designs is difficult when large water level
variations are present, as is the case on coastlines with a large tidal range or in
portions of the Great Lakes, which may experience long-term water level

fluctuations.

ORIGINAL SHORELINE

= :—-—'_ﬁ_\l: ----- .:?'--_'-____“'-"'-.. 3 - '--_'_‘__‘;"'-\-.:_- T -.- S —
SALIENT
w Nt
.................. ' — e DOWNDIET ERDSION
d—____—->
DIRECTION OF NET
LONGSHORE TRANSPOAT
ORGENAL SHORELINE
~ . o _— _.' B _
i R ‘.'.‘-_‘.-‘—-—“'-:-?-f;:"f’""' B
by o # % ¢ v i
1. romsoLo ( )
f ol e DOWNDRIET EROSION
{ ) i ] L I ¢ ]

—

DIRECTION OF NET
LEWCIGHORE TRANGPURT

Figure 2.1 Typical beach configurations with detached near shore
breakwaters (CEM, 2003)
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2.1.2 Reef breakwaters

Reef breakwaters are coast-parallel, long or short submerged structures
built with the objective of reducing the wave action on the beach by
forcing wave breaking over the reef. Reef breakwaters are normally rubble-
mound structures constructed as a homogeneous pile of stone or concrete armor
units. The breakwater can be designed to be stable or it may be allowed to
reshape under wave action. Reef breakwaters might be narrow crested like
detached breakwaters in shallow water or, in deeper water; they might be wide
crested with lower crest elevation like most natural reefs that cover a fairly wide
rim parallel to the coastline. Besides triggering wave breaking and subsequent
energy dissipation, reef breakwaters can be used to regulate wave action by
refraction and diffraction. Reef breakwaters represent a no visible hazard to

swimmers and boats.

Roef breakwater

Figure 2.2 Example of a reef breakwater (CEM, 2003)

2.1.3 Floating breakwaters

Floating breakwaters are used in protected regions that experience mild
wave climates with very short-period waves. For example, box-shaped reinforced
concrete pontoons are used to protect marinas in sheltered areas. Floating

docks affixed to piles are also used in marinas.

2.1.4 Vertical-front breakwaters

Vertical-front breakwaters are another major class of breakwater
structures. The basic structure element is usually a sand filled caisson made of
reinforced concrete, but block work types made of stacked precast concrete
blocks are also used. Caisson breakwaters might be divided into the following

types:



Conventional, i.e., the caisson is placed on a relatively thin stone bedding layer

Conventional caisson breakwater with vertical front

Sang fl

Figure 2.3 Cross-section of Conventional Caisson Breakwater
(CEM, 2003)

Vertical composite, i.e., the caisson is placed on a high rubble-mound
foundation. This type is economical in deep waters. Concrete caps may be placed

on shore-connected caissons.

Figure 2.4 Cross-section of Vertical Composite Breakwater (CEM, 2003)

Horizontal composite, i.e., the front of the caisson is covered by armor
units or a rubble-mound structure (multilayered or homogeneous). This type is
typically used in shallow water; however, there have been applications in deeper
water where impulsive wave pressures are likely to occur. The effects of the

mound are reduction of wave reflection, wave impact, and wave overtopping.



Depending on bottom conditions, a filter layer may be needed beneath the

rubble-mound portion.

Figure 2.5 Cross-section of Horizontal Composite Breakwater
(CEM, 2003)

Sloping top, i.e., the upper part of the front wall above still-water level is
given a slope with the effect of a reduction of the wave forces and a much more
favorable direction of the wave forces on the sloping front. However, overtopping

is larger than for a vertical wall of equal crest level.

Figure 2.6 Cross-section of Sloping-top Caisson Breakwater (CEM, 2003)

Perforated front wall, i.e., the front wall is perforated by holes or slots
with a wave chamber behind. Dissipation of energy reduces both wave forces on
the caisson and wave reflection. Caisson breakwaters are generally less
economical than rubble-mound structures in shallow water. Moreover, they

demand stronger seabed soils than rubble structures. In particular, the block
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work type needs to be placed on rock sea beds or on very strong soils due to

very high foundation loads and sensitivity to differential settlements.

Perfarated front wall caisson breakwater

Figure 2.7 Cross-section of Perforated Front Wall Caisson Breakwater
(CEM, 2003)

2.1.5 Piled breakwaters

Piled breakwaters consist of an inclined or vertical curtain wall mounted

on pile work. This type of breakwater is applicable in less severe wave climates

on sites with weak and soft subsoil.

Example of piled breakwater
In gty cast concrete cap
=

Curtain walf || Pies

Figure 2.8 Cross-section of Piled Breakwater (CEM, 2003)



2.1.6 Rubble-mound breakwaters

Rubble-mound breakwaters are the most commonly applied type of
breakwaters. In its most simple shape, it is a mound of stones. However, a
homogeneous structure of stones large enough to resist displacements due
to wave forces is very permeable and might cause too much penetration
not only of waves, but also of sediments if present in the area. Moreover, large
stones are expensive because most quarries yield mainly finer material (quarry
run) and only relatively few large stones. Consequently, the conventional rubble-
mound structures consist of a core of finer material covered by big blocks
forming the so-called armor layer. To prevent finer material being washed out
through the armor layer, filter layers must be provided. The filter layer just
beneath the armor layer is also called the under layer. Structures
consisting of armor layer, filter layer(s), and core are referred to as
multilayer structures. The lower part of the armor layer is usually supported by a
toe berm except in cases of shallow- water structures. Figure 2.9 shows a
conventional type of rubble-mound breakwater. Concrete armor units are used
as armor blocks in areas with rough wave climates or at sites where a sufficient

amount of large quarry stones is not available.

The front slope of the armor layer is in most cases straight. However, an
S-shaped front or a front with a horizontal berm might be used to increase the
armor stability and reduce overtopping. For these types of structures,
optimization of the profiles might be difficult if there are large water

level variations.

Superstructures can serve several purposes, e.g., providing access
for vehicles, including cranes for maintenance and repair, and accommodation
of installations such as pipelines. The armor units in conventional multilayer
structures are designed to stay in place as built, i.e., the profile remains

unchanged with displacement of only a minor part of the armor units.
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Toe

\— Seabed

Figure 2.9 Cross-section of typical multi-layer rubble-mound
breakwater (Palmer, 1998)

Reshaping rubble-mound breakwaters is based on the principle
of natural adjustment of the seaward profile to the actual wave action, as
illustrated by Figure 2.10. In this way the most efficient profile in terms of armor
stability (and possibly minimum overtopping) is obtained for the given size and

quantity of armor stone.

Because of natural reshaping, the structure can be built in a very simple
way by first dumping the core material consisting of quarry run, and then
dumping the armor stones in a berm profile with seaward slope equal to the
natural angle of repose for the stone material. Due to the initial berm profile,

this type of structure is also known as a berm breakwater. ( Figure 2.11)

Berm breakwaters are constructed with a horizontal berm at or near the
SWL, with the berm occupying the full width of the armor layer. This is thought
to give lower internal velocities than a conventional armor layer and so smaller
armor, either rock or riprap, can be used. The seaward profile retains its original
overall shape, but the berm compacts under wave action into a more stable form
(Maclntosh and Baird, 1987).
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RESHAPING RUBBLE-MOUND BREAKWATER (BERM BREAKWATER)

RESHAPED pRoFiLE, S CONSTRUCTED

SWL . s .

= . . T -
g CORE [QUARRY RUN)
4 ARMOR STONES

Figure 2.10 Reshaping rubble mound breakwater (CEM, 2003)

& - SHAPED FRONT

an /_

BERMED FRONT

s S~

Figure 2.11 Cross-section of Berm Breakwater (CEM, 2003)

In Turkey, due to the obtain ability of natural armor stones and the
easiness of maintenance and construction of rubble-mound type of breakwaters,
rubble-mound breakwaters are the mostly used type of coastal defense

structures.

A well-known formula for the design of armor units for breakwaters is the
Hudson formula. This formula is quite old, and has severe limitations. There are
several forces acting on breakwaters. These forces acting on breakwaters are
deadweight, wave forces (hydraulic pressure and suction), forces of inertia,

earth pressure (internal earth fill, earth fill behind the structure), internal
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pressure due to water level changes and earthquake forces. Formula is based on
a balance of forces to ensure that each armor unit maintains its stability under
the forces exerted by a wave attack. The formation of Hudson Formula is shown

below as a systematic manner.

P /v

Figure 2.12 Primary Forces Acting on Armor Stones

where;

: Gravitational force
: Buoyancy force
: Reaction force between armor units

: Wave pressure

O v O W O

: Diameter of armor unit

In order to find the net vertical force neglecting friction and reaction
forces, buoyancy force is subtracted from gravity force and the equation shown
below is obtained:
G-B= (5+-1) *YW*D3 (2.1)
Where;
Sr= Relative density= ys/yw= Ystone/Ywater

When wave pressure is formulized, the equation below is obtained:
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P~ pU’D? (2.2)
where;

D: Diameter of armor unit

U: Water particle velocity

Critical force combination is formed by introducing net vertical and wave
pressure forces. It is the first step of the formulation of Hudson Formula. This

formulation is shown step by step as follows (Hudson, 1959):

C=""2> (2.3)

C= (Sr _1)7WD3 _ (Sr _1)gD

= 2.4
pU?D? U?2 2.4)
Incaseof breakingwaves:U ~ C ~ ,/gd, ~./gH,
czw:Dz H ¢ (2.5)
gH (Sr _1)
Weight of armor stones:W = y_D?
H3
~ 1 (2.6)
(Sr _1)
The final form of the Hudson Formula is:
H° tan
w= L 2N (2.7)
(S -D°Kp
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where;

W = median weight of armor unit

vs = saturated surface dry unit weight of armor unit
H

Kp = stability coefficient (shape factor)

design wave height

S = pa/pw (generally A=2.65 for quarry stone, 2.4 for concrete)

o = angle of structure slope

As the Hudson equation is an old approach, it has some restrictions and
uncertainties. In the Hudson equation stability coefficient, Kp cannot exceed the

values given in Table 2.1 (Coastal Engineering Manual, 2003).

Table 2.1 Ky Values

Structure Trunk Structure Head
) Ko Slope
Armaor units n_ | Placement | Breaking Wave |Non-breaking wave | Breaking Wave | Non-breaking wave cote
Quarry stone 2,0 Random
Smooth rounded | =3 Random 1,2 2,4 1,2 1,9 1,5t0 3,0
Smooth rounded | 1,0 Random 1,6 32 1,4 23 (c)
Rough angular | 2,0 | Random® () 2,0 () 23 {c)
19 32 1,5
Rough angular >3 Random 20 4,0 1,6 28 )
13 23 3,0
Rough angular | 2,0 | Special © 22 4.5 21 42 {c)
Rough angular | 2,0 | Special 58 7.0 L3 6,4 (c)
Parallelepiped Random 7,0-20,0 8,5-24 - - (c)
Tetrapod 5,0 6,0 1,5
Quadripad 2 | 20 | Rendom [ 80 45 55 2,0
3,8 4,0 3,0
8,3 9,0 1,5
Tribar 2,0 Random 9,0 10,0 7,8 8,5 2,0
g,0 0,5 3,0
()
Dolos 2,0 | Random 15,0 3,0 &0 16,0 2
7,0 14,0 3,0
Modified Cube 2,0 Random 6,5 7,5 - 5,0 (€
Hexapod 2 2,0 Random a0 9,5 5,0 7,0 (&)
Toskanes 2,0 Random 11,0 22,0 - - (c)
Tribar 1,0 Unifarm 12,0 15,0 7.5 9,5 (c)
Quarrystaone (KRR -
! (k%) - Random 2,2 2,5 - -
Graded angular
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(@)
(b)

()

(d)

(e)
(f)

(9)

(h)

n is the number of wits comprising the thickness of the armor layer.

Applicable to slopes ranging from 1 on 1.5to 1 on 5.

Until more information is available on the variation of Kp value with slope, the use of Kp
should be limited to slopes ranging from 1 on 1.5 to 1 on 3. Some armor units tested on a
structure head indicate a KD slope dependence.

The use of a single layer of quarry stone armor units subject to breaking waves is not
recommended, and only under special conditions for non-breaking waves. When it is used,
the stone must be placed carefully.

Special placement with long axis of stone placed perpendicular structure face.

Long slab-like stone with the lond dimension about three times its shortest dimension.
Refers to no-damage criteria (~5% displacement, rocking, etc); if no rocking (<2 percent) is
desired, reduce Kp 50 percent.

Stability of dolos on slopes steeper than 1 on 2 should be substantiated by site-specific

model tests.

NOTE: Breaking wave stability coefficients for stone and dolos were developing using a 1V:10H

foreslope.

The damage coefficient Kp accounts for all variables other than structure

slope, wave height, and the specific gravity of water at the site. These variables

include:

1) shape of armor units,

2) number of layers of armor units,

3) manner of placing of armor units,

4) surface roughness and sharpness of edges of armor units,

5) type of wave attacking structure (breaking or non-breaking),
6) part of structure (trunk or head),

7) angle of incidence of wave attack,

8) model scale,

9) size and porosity of under layer material,

10)core height relative to still-water level,

11)crown elevation above still-water level relative to wave height,
12)crest width.

Crest height is calculated with the logic that it prevents minor wave

overtopping. The structure is designed satisfying the conditions that uniform

armor units are ranging between 0.75W and 1.25W and uniform slopes ranging

between 1:1.5 and 1:3 are used. In addition to these restrictions, also the

specific weight of armor unit is restricted to the values between 1.9 t/m® and

2.9 t/m3. On the other hand there are some parameters which are not taken into
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consideration in Hudson equation. These are incident wave period, type of
breaking, structure permeability and duration of storm (i.e. number of waves).
Allowable damage level is also not considered since Hudson scheme assumes no

damage criterion (i.e.0-5% damage).

It is clear that the reliability of the Hudson formula is rather low. This is
caused by the fact that a number of essential parameters are not included in this
formula. Because of these problems, Van Der Meer had developed a new stability
formula (1987) (which is presently the recommended formula for the design of
breakwater armor (PIANC, 1992). In this formula incident wave characteristics
and many other parameters have been included, as well a clear distinction

between plunging waves and surging waves.

This equation is presented as, (CEM, 2003);

0.2
N, = Hs = 6.2R"* S, & °° (for plunging waves) ( Em<Emc ) (2.8)
DSO V NW
H S 0.2
N, =—==1.0R " =2 cota®Em’ (for surging waves) ( Em>Emc ) (2.9)
AD50 ’ Y NW

The relationship between slope angle o, wave height H and offshore wave
length Ly can be expressed in terms of the Surf Similarity Parameter (&) or

Iribarren Number (Ir) given by:

-0.5
fm:(%] *tgae  and &, :(6.2P°'31('[goc)o's)%”o'5 (2.10)
0
_ Hdes
oot (2.11)
tga

(2.12)
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where,

Hs: Significant wave height in front of the breakwater

Dsq: Equivalent cube length of median rock

A: Relative density of rock in water

Ns: Stability parameter

Py: Overall porosity of the breakwater

S.: Damage level

Nw: Number of waves that attack the structure in storm duration
&n: Surf similarity parameter

a: Angle between armor face and the horizontal

Sm: Steepness of wave

By including the number of waves that attack the structure during a
storm, the effect of wave period is imposed into the formula. Proper model
studies are very important for the structures designed by this methodology,

since there are still uncertainties in the formula.

When the new developments in the coastal engineering field of researches
are studied, a new alternative to conventional rubble mound breakwaters is
faced. This new type of rubble mound breakwaters is the berm type breakwater.
The main starting point of the berm breakwater design is constructing the whole
cross section with the same armor unit sizes and leaving it under the wave
action to obtain the final s-shaped structure satisfying the dynamic stability
criterion. During the last decades, the berm breakwater has proved to be an
advantageous construction for sheltering harbors from the rough sea. Due to the
high level of energy dissipation in the berm and the dynamic stability logic
behind berm type breakwater, the stone weights can be significantly reduced

compared to the stone weights used for conventional rubble mound breakwaters.

Since the early 1980’s, the berm breakwater design concept is under
development, primarily with the aid of physical modeling studies. When the berm
width is increased to a sufficiently large value not larger than (B=L/4), the water
flowing down from the top slope is not allowed to run off the berm completely
before the next wave has broken on the lower slope and is running up.
Therefore, a slug of water remains on the berm to offer resistance to the

oncoming run-up. The design of berm breakwaters is following different
18



procedures in different countries. There has been no design equation or firm
design criteria set for berm breakwaters similar to design equations for
conventional breakwaters. However, as an accepted conventional criteria berm
width was taken as B=L/4 in the design. In the design of berm type breakwaters
Van Der Meer equations must be used with the combination of proposed

equations by Hall (1993) that give the berm widths. These equations are given

below as:
2
_ Da,85 Da,85
B, = Daso| Ky +7.5 5= |14 = +6.1P. (2.13)
a,15 a,15
Where,
H 25
K, = —10.4+0.5[—5J (2.14)
Aa a,50
Here,

Bp: berm width

Da,s0: equivalent cube length of median rock

Da,ss: 85% of the stones have a diameter less than Dgs
Da,15: 15% of the stones have a diameter less than Djs
P.: fraction of the rounded stones

Hs:  significant wave height in front of the breakwater

AV relative density of rock in sea water

In conclusion, berm width could be designed between the values as By to
B=L/4. For this study, for the design wave conditions, L/4 gives 15 m. and the B
calculated for 2.13 gives 7 m. Therefore, in the experiments the berm was taken

between the values as 7-15 meters.

In design of rubble-mound coastal defense structures, an other important
parameter that should be taken into consideration is the toe protection. The
design of armor units of toe layer is based on two main topics, which are the
field experience and the primary armor weight. It is proposed that weight of toe
armor should be at least one-tenth the primary armor weight. When toe

protection is used on a structure being constructed on an erodible bottom
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material, adequate thickness and gradations of filter or bedding layers need to
be incorporated into the design to prevent the leaching of foundation material.
Failure to design of these layers could result in the ultimate failure of the entire

structure.

A toe structure of placed armor units, often rock, provides direct support
of the armor layer and protects the seabed against a slip circle failure. (Palmer,
1998) Therefore, during the design process of rubble-mound coastal defense

structures, it has vital importance to design the toe support of the structure.

a) VERY SHALLOW WATER

Toa of masn aTnor

Figure 2.13 Typical Toe and Toe berm Solutions in
Rubble-mound Breakwater Design (CEM, 2003)
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CHAPTER 3

MODEL STUDIES

3.1 Aim of the Model Studies

Construction process of coastal protection structures are very expensive
and difficult. In order to reduce the failure risk of these structures, it is very
important to make model investigations according to the given design
specifications before the construction process starts. On the other hand, the
visualization of the damage characteristics of the structure under severe wave
action is only be rendered possible by the model investigations. Therefore, model
investigations have vital importance from both contractor and client point of

view.

Construction of Black Sea Highway Project have come up with several
important problems since the project application has been started. Because of
the existing collapsing and failure conditions of the coastal protection structures
along the Black Sea Coastal Highway, Ordu-Giresun area was selected as the
pilot area to apply the model investigations by some of the researchers.
Dedeoglu R. (2003) and Taskiran I. (2003) carried out an experimental work on
the stability of coastal defense structure, under construction around Ordu-
Giresun region as rubble-mound structure. The tests were carried out by the
design wave characteristics where H was ranging between 3.69 and 6.31 meters,
T was ranging between 8.21 and 10.47 seconds obtained from the wave climate
studies of the site (Ozhan and Abdalla, 1999). In their work, they proposed a

coastal defense structure which was stable under the design storm waves.

Previous studies were done on the designed cross-sections applied by
Karayollari Genel Muduirligld. These studies showed that the pre-designed cross-
sections were over design or under design projects from engineering point of

view. Therefore, the major aim of the model researches made in the Middle East
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Technical University, Civil Engineering Department, Coastal and Harbor
Engineering Laboratory was to find the most optimum and proper cross-section
of the coastal protection structure, rubble-mound breakwater that would

withstand the most dangerous storm conditions.

In this research, the stability and damage criteria of the rubble mound
coastal protection structures and the continuity of their functionality were

studied under two main topics:

i. Stability of the coastal protection structure:

- Failure occurring in the armor layer of the structure by having a certain
percentage of dislocated rocks more than the acceptable damage
percentage and due to this, loss of stability and serviceability in the whole

structure, which will cause total failure

ii. Functional properties of the coastal highway:

- Excessive run-up and water spraying during the storm damaging the
highway and hindering the traffic flow as well as causing loss of life due to
traffic accidents caused by the negative road conditions

- Severe storm wave action damaging the under layers of the highway

structure causing total failure and flooding of the highway

In the Coastal and Harbor Engineering Laboratory, Civil Engineering
Department, METU, the researches on Eastern Black Sea Highway Project

proceeded according to the steps given below:

a. Determination of the design wave height by studying the long term and
short term wave statistics of the region, transforming deep water
waves to the construction site, checking breaking wave condition at the
construction depth

b. Gathering information of the bathymetry and topography of the pilot
region
Determination of the model scale
Examination of the protection structure cross sections currently under

construction for model investigations
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Construction of the model in the wave flume
Calibration tests of wave measuring probes in the wave flume

Experiments

@ ™o

Evaluation of the experiment results with respect to the damage and

run-up criteria

Developing new economic solutions and optimizing the developed

structure

In the present work the experiment was carried out for the stability of
coastal defense structure with the design wave characteristics obtained for the
site near Giresun in a model constructed in the wave flume in the Coastal and
Harbor Engineering Laboratory, Civil Engineering Department, METU with a
model scale of 1/31.08 to obtain the most optimum cross-section both from the
stability and economy point of view. In the experiments the reference cross-

section was used as proposed.

3.2 Bathymetric Conditions (Properties)

One of the most vital parameters is the sea bottom slope in the
determination of the design wave characteristics at the toe of the structure and
in the determination of the depth at which the structure is constructed. The pilot
application area of the model investigations was selected to be Giresun region.
For the determination of the sea bottom characteristics, schematics and
drawings of the highway passing through the Giresun City Center were used. The
final outcome showed us that the sea bottom slope ranged between 1/30 and
1/40. These were properly applied to the wave flume in which the model

investigations took place.

3.3 Wave Climate of the Region and Determination of the Design

Wave:

Before starting the model investigations, it is very important to find out
the design wave characteristics at which location the prototype will be
constructed. In determination of the design wave, extreme wave statistics of the

region were used (Ozhan and Abdalla, 1999). These were used in the previously
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done model investigations. Therefore, all of these parameters were examined
once more in order to investigate the reliability of previously used design wave
characteristics. During these studies, wave heights with their return period for
the Eastern Black Sea Region were obtained from Wind and Wave Atlas for
Turkish Coasts Project Report (Ozhan and Abdalla, 1999). The significant wave
heights and periods for 25 and 50 years of return period of Eastern Black Sea

Region are given in Table 3.1.

Table 3.1 Return periods, significant wave heights and periods for the
Eastern Black Sea Region (Ozhan-Abdalla, 1999)

25 Years 50 Years
Ts
Coordinates Location Hs (m.) Ts (sec.) Hs (m.)

(sec.)
42.00° N, 41.60°E Poti 6,25 10,27 6,80 10,71
42.00° N, 41.30°E  Poti offshore 6,40 10,39 6,85 10,75
41.75° N, 41.30°E Batum offshore 6,30 10,31 6,90 10,79
41.75° N, 41.00°E Hopa offshore 6,30 10,31 7,00 10,87
41.50° N, 41.00°E Hopa 6,30 10,31 7,00 10,87
41.50° N, 40.70°E Cayeli offshore 6,25 10,27 6,75 10,67
41.25° N, 40.70°E Cayeli 5,85 9,93 6,40 10,39
41.25° N, 40.40°E Rize 5,80 9,89 6,35 10,35
41.25° N, 40.10°E Sirmene 5,75 9,85 6,30 10,31
41.25° N, 39.80°E Trabzon 5,80 9,89 6,40 10,39
41.25° N, 39.50°E Akcaabat 5,80 9,89 6,45 10,43
41.25° N, 39.20°E Vakfikebir 6,00 10,06 6,60 10,55
41.25° N, 38.90°E Tirebolu 6,10 10,14 6,75 10,67
41.25° N, 38.60°E Camburnu 6,20 10,23 6,80 10,71
41.25° N, 38.30°E Giresun 6,20 10,23 6,80 10,71
41.25° N, 38.00°E Ordu 6,25 10,27 7,00 10,87

An other important parameter in the determination of design wave

characteristics is to determine the deep water wave steepness. It was
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determined to be Hy/L, = 0.038 (Ozhan and Abdalla, 1999) representing the
general wave characteristics of the region.

When the averages of total storm durations were taken. The storm
duration for the region was found out as 8 hours. This value can be considered

as the mean value of the total storm durations.

When the Table 3.1 is examined according to the return periods of 25 and
50 years, As seen in Table 3.1, maximum deep water significant wave height is
ranging between H,=5.75 meters with T;=9.85 seconds (Sirmene) and H;=6.40
meters with T;=10.39 seconds (Poti offshore) and the maximum deep water
significant wave ranges between H,=6.30 meters, T;=10.31 seconds (Sirmene)

and Hs=7.00 meters, Ts=10.87 seconds (Hopa), respectively.

After finding out the significant wave heights and periods for the selected
regions, the depth at the toe of the structure was determined to be as 7.50 m..
That is the maximum reached depth of construction which is determined by
examining the topographic maps of Giresun region, where the construction of

the coastal highway coastal defense structure is currently going on.

Waves breaking on the structure have the most hazardous effect on the
stability of the structure, since the waves have the maximum energy when they
are breaking. This means that the most important point in designing the coastal
defense structures is to determine the breaker wave height at the construction
depth of the structure. In order to determine the breaking wave properties at the
toe of the structure and their deep water properties, the charts given in Coastal
Engineering Manual 2003 were used. Breaker wave height at d=7.50 meters was
found to be H,=6.50 meters and deep water wave height correspondent was
determined as Hs= 5.80 meters after the application of the computations.
Significant wave period was found as T = 9.90 seconds with the wave steepness
of 0.038 which was determined by Ozhan and Abdalla 1999.

An other discussion is the determination of the encounter probability of

the design wave during the lifetime of the structure. To compute the occurrence

probability of a wave with a certain return period, the following formula is used:

_ 1,L
P=1-(-p) o
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Here,

P: occurrence probability
Rp: return period (years)

L: lifetime of the structure (years).

The defense structure which is planned to be constructed in the Giresun
coastal region at depths of 7.50 meters will be attacked by breaking waves of
deep water significant wave height of Hs= 5.80 meters and significant period
Ts= 9.90 seconds have a return period of 17 years (Ozhan and Abdalla, 1999).
Generally in Turkey,the life time of coastal protection structures is considered to
be between 30 and 50 years. It was decided to use the lifetime of the structure
as 40 years, which is the average of 30 and 50 years. The probability of the
structure to be under severe wave breaking action at least once in its lifetime
was computed to be P=91% (Ozler, 2004). Since this wave demonstrates the
most critical stability condition for which the structure will encounter in its
lifetime, it is necessary to take this wave as the design wave. The waves having
larger wave heights will break before they reach the structure, waves having

smaller wave heights will break on the structure.

3.4 Model Scale:

“Scale selection for all models of coastal defense structures involves a
compromise between the desire to model at as large as possible to avoid
potential scale effects and the economics of conducting tests at smaller scales”
( Hughes S., 1993). Within the acceptable scale range for rubble-mound
structure tests, scale selection decisions are influenced by practical
considerations, such as depth of the wave flume, model wave characteristics,
wave generating capability and available stone sizes. Considering all of these
parameters, model scale was found to be 1/31.08. This similar scale (1/30) was
proposed by Jensen and Klington (1983) as the most common and appropriate

scale for rubble-mound breakwaters.

The majority of hydraulic models in coastal engineering are scaled

according to the Froude Model law, consequently, it is usually the most
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important criterion to be considered when designing o coastal scale model. This
is because of the fact that, in the models demonstrating sea wave action,
viscosity and surface tension of the water usually do not have a significant effect
on the wave motion when compared with the effects of gravity and inertia

forces.

Applying the model scale into the Froude Model, length, time, volume and

weight scales were computed and are given in Table 3.2.

Table 3.2 Scales of Length, Time, Volume and Weight Used in the Model

Model Scale

Length A, =1:31.08

Time A :}LL% =1:5.58

Volume A, = A =1:30022.3

=1:21297.2

Here; A_: length scale, A: time scale, Ay: volume scale, Ay: weight scale,
Y. specific weight of the stones, y.: specific weight of water, p: prototype, m:

model.

3.5 Wave Flume and Experiment Set-up Specifications:

The wave flume is 6.2 meters wide, 28.8 meters long and the depth is

1.0 meter with an inner separated canal, which is constructed by placing two
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parallel glass walls in order to minimize the effect of reflection of incoming
waves. All of the models were built in that separate 1.5 meters width channel.
Although the channel is separated, energy dissipaters were placed behind the
constructed model in order to prevent the waves reflecting from the boundaries
causing undesired agitation in the wave flume and disturbing the incoming
waves. But it is clearly known that full prevention from reflection is impossible in
experimental environment. Therefore, during the analyze of wave data a
computer program (Oztunali, METU,1998) was used in order to introduce wave

reflection phenomena into the model investigations.

The dimensions of the wave flume, the locations of the wave
measurement gauges (probes), wave dissipaters and the wave generator are

shown in Figure 3.1.

Eight separate measurement gauges of "DHI Model 202" were used in the
experiments. Wave measurement gauges take simultaneous data as the
experiments are carried out and record the model wave properties (wave height
and period). The gauges work as electrodes of an electric resistance meter. The
voltage difference created as the waves move along the flume is read by the
measurement cabinet from where the data is transferred to a computer to be
translated by the software and adjusted by the calibration factor to be recorded

as wave data.

The wave generator consists of three main components, which are the
power pack, wave motion paddle and the control computer. The DHI Hydraulic
Power Pack type 301/22-PM creates the power required to activate the pistons
that move the generator paddle. The movement of the paddle is controlled by an
integrated computer with special software (DHI Wave Synthesizer) which

converts the digitized wave data into analog paddle motion signals.

The height and the period of the wave that can be generated in the flume
depend on the water depth of the canal, as well as the technical capabilities of
the wave generator. The waves that can be generated with 40 cm. of water
depth in front of the generator paddle are the waves with heights ranging

between 3-25 cm. and periods ranging between 0.5-15 seconds.
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Regular waves were used in the experiments. In the model investigations,
increasing wave impacts were created. This means, waves with increasing
significant wave height and period were generated by the DHI wave generator
forming an 8-hour storm. Run lengths of these individual waves were selected

providing that the total storm duration is 8 hours.

generator

locations
17,465 m

=

£
—

1|

wave
dissipaters

wave
dissipaters

Figure 3.1 Layout of the wave flume and the experiment setup (model, dissipaters, generator and probes)
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3.6 Construction of Models

In the previous studies (Dedeoglu, (2003) and Taskiran, (2003)) carried
out at METU, Civil Engineering Department, Coastal and Harbor Engineering
Laboratory, berm width was not changed. Since, the major aim this study was to
find the effect of berm width and armor stone sizes on the stability of the
structure, the model cross-sections were constructed with different berm widths

and armor stone sizes.

All of the stones used for the construction of the models were painted in
different colors in order to observe total and also local damages in the armor
layers. In addition to that, the stones were selected according to the weight

scale and were placed to form 7 color stripes (Figure 3.2).

Yellow

Figure 3.2 Cross-section showing the colored layers constructed

In the present study berm was constructed 1 m above the still water level
to have comparative results with a case where berm was constructed 1 m below
the still water level (Ozler, 2004)

First step in the construction of model cross-sections was to find out the
number of stones that would be used in each layer and color stripe. In order to
find out the number of stones, total volume was computed. Then, the net
volume was computed by applying P=0.4 standard (Coastal Engineering Manual,

2003). Lastly, the number of stones was obtained by dividing the net volume to
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the volume of each stone. Number of stones in each layer is presented in the

“Distribution of Stone Weights and Color Stripes for the Stone Group” tables.

The stone sizes range given for a certain layer was distributed around the
mean stone size value as given in the “Distribution of Stone Weights and Color

Stripes for the Stone Group” tables for each model tested.

Armor layers were divided into color stripes, which allowed damage
observations more reliable and accurate. Frames for each model cut from iron
bars were welded together forming the whole cross section with the under
layers. The frames were placed firmly then the under layers, the armor layers
were constructed. In order to prevent reinforcement by the frames, bars framing

the armor layers were cut off.

As the under layers apply very little effect on the stability of the
breakwater in our model investigations, the materials and existing cross-section

of these layers were kept the same throughout the tests.

3.7 Models

Model cross-sections 1, 2 and 3 were designed based on Van Der Meer
equations (Equations 2.8-2.12). In these models armor stones forming the back
and front armor layers were in the range of (4-6) tons. After performing the
experiments on Model 1, Model 2 and Model 3, it was observed that due to the
berm effect weight of armors used in the back armor layer would be decreased.
Therefore, in Model 4 and Model 5 armors ranging between (2-6) tons were used
forming the back armor layers in order to examine the stability of each armor
unit under the severe wave conditions. All the models were constructed

satisfying the condition of the berm being 1 meter above the still water level.

3.7.1 Model 1

This model (Figure 3.3) study was based on the reconstruction of the last
cross-section studied by Dedeoglu (2003) and Taskiran (2003). The specified

berm with 10 meters width was constructed as being 1 m. above still water
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level. The cross-section was formed by five layers named as front armor, back
armor, filter and core layers. The primary importance was given specifically on
front and back armor layers, which were the starting point of discussions of the
further coming, designed models. In this model, armor stones forming the front
and back armor layers were in the range of (4-6) tons. The filter layers and the
core layer were made up of (2-6) tons and (0.4-2) tons, respectively. The
number of stones used in each layer and color stripe is given in Table 3.3 and
Table 3.4.

Table 3.3 Distribution of stone weights and color stripes for the back

armor layer of Model 1

%o of Weight

the Number
total of Prototype Model
Volume Stones (tons) (gr.)
40% 373 4 200
30% 226 5 250
30% 189 6 300
Color stripes of the layer and number of
stones
Royal
Blue 263
Green 263 2788
Uncolored 262

Table 3.4 Distribution of stone weights and color stripes for the front

armor layer of Model 1

% of Number Weight

the total of Prototype Model
Volume  stones (tons) (gr.)

40% 373 4 200
30% 226 5 250
30% 189 6 300
Color stripes of the layer and number of
stones
Silver 263
Red 263 >788

262

Yellow
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Figure 3.3 Cross-section of Model 1 (Prototype Values)

This model was tested with two sets of experiments which were carried
on 23 and 26" of July, 2004, respectively.

3.7.2 Model 2

In this model, the berm width was extended as 15 meters. Cross-
sectional details are given in Figure 3.4. Stones that were forming front and back
armor layers were ranging between (4-6) tons. The filter layers and the core
layer were made up of (2-6) tons and (0.4-2) tons, respectively. The number of

stones used in each layer and color stripe is given in Table 3.5 and Table 3.6.

Table 3.5 Distribution of stone weights and color stripes for the back

armor layer of Model 2

Weight

Number of Prototype Model

Volume stones (tons) (gr.)
40% 373 4 200
30% 226 5 250
30% 189 6 300
Color stripes of the layer and number of stones

Royal Blue 263
Green 263 2788
Uncolored 262
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Table 3.6 Distribution of stone weights and color stripes for the front

armor layer of Model 2

%o of Weight

the

total Number of Prototype Model
Volume stones (tons) (ar.)

40% 558 4 200

30% 336 5 250

30% 279 6 300

Color stripes of the layer and number of stones

Silver 391
Red 391 21173

391

Yellow

Figure 3.4 Cross-section of Model 2 (Prototype Values)

This model was tested with two sets of experiments which were carried
on 28™ and 29" of July, 2004, respectively.
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3.7.3 Model 3

In this model, the berm width was shortened as 5 meters. Cross-sectional
details are given in Figure 3.5. Stones that were forming front and back armor
layers were ranging between (4-6) tons. The filter layers and the core layer were
made up of (2-6) tons and (0.4-2) tons, respectively. The humber of stones used

in each layer and color stripe is given in Table 3.7 and Table 3.8.

Table 3.7 Distribution of stone weights and color stripes for the back

armor layer of Model 3

%o of Weight

the

total Number of Prototype Model
Volume stones (tons) (gr.)

40% 373 4 200

30% 226 5 250

30% 189 6 300

Color stripes of the layer and number of stones

Royal Blue 263
Green 263 2788

262

Uncolored

Table 3.8 Distribution of stone weights and color stripes for the front

armor layer of Model 3

%o of Weight

the

total Number of Prototype Model
Volume stones (tons) (gr.)

40% 207 4 200

30% 128 5 250

30% 104 6 300

Color stripes of the layer and number of stones
Silver 149

Red 151 2439
Yellow 139
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Figure 3.5 Cross-section of Model 3 (Prototype Values)

This model was tested with two sets of experiments which were carried

on 17™ and 18™ of August, 2004, respectively.

3.7.4 Model 4

In this model, the berm width which was used in the model was 15
meters. Cross-sectional details are given in Figure 3.6. In this model, stone sizes
forming the back armor layer were changed from (4-6) tons to (2-6) tons. Front
armor layer was kept same as in the previous models as being (4-6) tons. The
filter layers and the core layer were made up of (2-6) tons and (0.4-2) tons,
respectively. The number of stones used in each layer is given in Table 3.9 and
Table 3.10
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Table 3.9 Distribution of stone weights and color stripes for the back

armor layer of Model 4

%o of Weight

the

total Number of Prototype Model
Volume stones (tons) (ar.)

15% 299 2 100

35% 465 3 150

35% 342 4 200

15% 100 6 300

Color stripes of the layer and number of stones

Royal Blue 430
Green 394 >1206

382

Uncolored

Table 3.10 Distribution of stone weights and color stripes for the front

armor layer of Model 4

Weight

Number of

Prototype Model

Volume stones (tons) (gr.)
40% 562 4 200
30% 338 5 250
30% 281 6 300
Color stripes of the layer and number of stones

Silver 391
Red 399 >1181

391

Yellow
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Figure 3.6 Cross-section of Model 4 (Prototype Values)

This model was tested with two sets of experiments which were both

carried on 2" of September, 2004, respectively.

3.7.5 Model 5

In this model, the berm width which was used in the model was 10
meters. Cross-sectional details are given in Figure 3.7. In this model, stone sizes
forming the back armor layer were changed from (4-6) tons to (2-6) tons. Front
armor layer was kept same as in the previous models as being (4-6) tons. The
filter layers and the core layer were made up of (2-6) tons and (0.4-2) tons,
respectively. The number of stones used in each layer and color stripe is given
in Table 3.11 and Table 3.12.
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Table 3.11 Distribution of stone weights and color stripes for the back

armor layer of Model 5

%o of Weight

the

total Number of Prototype Model
Volume stones (tons) (ar.)

15% 299 2 100

35% 465 3 150

35% 342 4 200

15% 100 6 300

Color stripes of the layer and number of stones

Royal Blue 430
Green 394 >1206

382

Uncolored

Table 3.12 Distribution of stone weights and color stripes for the front

armor layer of Model 5

%o of Weight

the

total Number of Prototype Model
Volume stones (tons) (ar.)

40% 365 4 200

30% 219 5 250

30% 185 6 300

Color stripes of the layer and number of stones

Silver 225
Red 275 2769

269

Yellow
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Figure 3.7 Cross-section of Model 5 (Prototype Values)

This model was tested with two sets of experiments, which were both

carried on 31% of August, 2004, respectively.

40



CHAPTER 4

EXPERIMENTS AND DISCUSSION OF RESULTS

In this chapter, experiments of the model studies of coastal protection
structure with differing cross-sections are given in a detailed manner. Each
model experiment is presented by wave characteristics, damage as displaced
armor stones, run-up and water spray tables and damage curves for local and
total damages.

For the examination of experiment outcomes, the clear definition of
damage criteria must be set. Damage is defined as the removal or breakage of
individual armor units or sliding of the armor layer totally. A pre-determined,
acceptable level of damage is tolerated under design conditions (10%) which is
calculated as:

D= N;/N

Where;

N1: number of dislocated armor stones,

N: number of total armor stones within the specified layer.

In the experiments, local and total damages were defined in terms of

dislocated stones in specified layer and specified cross-section, respectively.
When using a model to determine threshold damage conditions, a small

amount of damage must be observed (0-5%) which is generally referred to as

the “"no damage” condition. It is important to assess how damage observed in
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the model will relate to performance of the full size structure and to interpret

model results accordingly.

One approach is to express the number of units damaged as a percentage
of the total number of units on the slope. One drawback is that the value
calculated depends on the number of units in the armor layer, making
comparison of different cross sections and armor types difficult. A better
approach is to express damage as the percentage of armor units displaced from

the layer of active armor removal (Ouellet, 1973).

Total damage curves show the cumulative distribution of damage of the
armor layers and the local damage curves illustrate the cumulative local
damages of layers at which critical and vital damage levels were observed

exceeding the critical damage level (10%).

In the experiments observation of run-up and water spray were done.
Water spray examinations were divided into 4 different levels that shows the
severity of run-up which was very important from the highway serviceability
point of view. These levels were named as Minor, Tolerable, Significant and
Excessive. Run-up was observed in order to examine whether overtopping was
occurring or not. Run-up conditions were noted down as showing the maximum
level of run-up travel within the highest reached layer. Maximum run-up level

was 4.5 meters above the still-water level. Overtopping was not faced.

Model construction (Figures 3.3-3.7) is based on the comparison of berm
width and armor unit weight effect on the stability of the coastal defense

structure.

Experiments are divided into two as Set 1 and Set 2 for each model
study. Each set of experiment was carried with the same wave data,
characteristics and wave flume characteristics such as regular waves created by
the wave maker, wave period, wave height and water depth of the flume. Water
depth in the flume was kept same throughout the model studies as 40
centimeters in front of the paddle forming a 7.5 meters water depth at the toe of

the structure as provided for the prototype coastal protection structure.

42



During the model studies two sets of experiments for five different
models were carried. Two sets of experiments were done in order to see the
reliability of the experiments outcomes. It was clearly seen that the experiment
outcome data was reliable. These outcomes of two sets were handled separately

and then were shown on the same damage curve figure for each of the models.

Before starting each set of experiments, calibration of the wave
measuring system, wave gauges, was made properly in order not to obtain
misleading outcome data. For these types of experiment setups, proper
calibration is very important and effective. In addition to the calibration for each
set of experiments, also replacement of stones of each stripe and layers, which
were displaced by the storm impact, was done, since each set of the

experiments was independent from each other.

4.1 Experiments on Model 1

4.1.1 Set 1 and Set 2 Experiments

These set of experiments were carried out on the Model 1 (Fig.3.3)
having 10 meters berm width which was previously determined as the

recommended cross-section by Dedeoglu (2003) and Taskiran (2003).

The design wave height and period which were selected according to the
wave climate and regional studies were created incrementally by the DHI wave
synthesizer in order to demonstrate the beginning and the ending of the storm
were given to the model. Increments applied in steps to wave height and wave
period were almost 0.30 meters and 0.30 seconds, respectively. All these waves
forming the storm were given for duration of 9 minutes contributing to a storm
of 8 hours. The wave data of the model is given in Table 4.1 and Table 4.2 for

Set 1 and Set 2 experiments.
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Table 4.1 Test Wave Data of Model 1, Set 1

model# 1 (Setl) Experiment Date: July 23, 2004
Computer Input Probe Measurements Reflection Analysis

H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Egé;?g

3,69 8,21 3,23 3,15 3,18 8,12 0,137
3,97 8,47 3,70 3,35 3,27 8,35 0,207
4,19 8,71 4,03 3,40 3,46 8,43 0,094
4,45 8,95 4,65 4,32 3,50 8,56 0,142

4,70 9,18 4,50 4,39 3,43 8,82 0,275
4,97 9,41 4,88 4,56 4,11 8,87 0,126
5,23 9,63 5,25 5,08 4,28 9,20 0,087
5,50 9,85 5,71 5,22 4,20 9,43 0,086
5,77 10,06 5,81 5,47 4,32 9,62 0,201
6,04* 10,27 6,06 5,68 5,36 9,84 0,219%*
6,31** 10,47 6,54 5,91 5,46 10,04 0,15%*
* Breaking at the toe of the structure
** Broken waves

Table 4.2 Test Wave Data of Model 1, Set 2

model# 1 (Set2) Experiment Date: July 26, 2004
Computer Input Probe Measurements Reflection Analysis
H(m.) T (sec.) 1. Probe 7. Probe H(mM.) T(sec.) %gé;fe;'
3,69 8,21 3,51 3,62 3,66 8,12 0,122
3,97 8,47 3,84 3,76 3,89 8,35 0,172
4,19 8,71 4,01 3,74 3,94 8,41 0,086
4,45 8,95 4,71 4,27 4,29 8,54 0,171
4,70 9,18 4,70 4,40 4,49 8,86 0,213
4,97 9,41 4,99 4,54 4,64 8,80 0,110
5,23 9,63 5,35 4,87 540 9,22 0,085
5,50 9,85 5,82 5,10 4,68 9,44 0,098
5,77 10,06 5,90 5,35 5,58 9,59 0,174
6,04* 10,27 6,24 5,70 6,27 9,92 0,196%*
6,31** 10,47 6,68 6,01 6,51 10,00 0,133**
* Breaking at the toe of the structure

The first two columns show the wave characteristics given as input by
the computer. Third and the fourth columns demonstrate the wave heights

recorded by the wave gauges (probes). The actual incoming wave properties

44



obtained from the reflection analysis and the reflection coefficient are given in

the last three columns.
The results of observation of the displaced armor stones, run-up and

water spray of Set 1 and Set 2 experiments are given in Table 4.3 and Table 4.4

Table 4.3 Results of Set 1 Experiments on Model 1
(Damage, Wave Run-up and Water Spray)

DATE: July 24, 2004 (Set#1 Experiments)
Ho (m.) [ Duration DAMAGE
Water
To Run-up | ¢
(sec.) (min.) | Purple | YellowI | Blue Green | Silver Red | YellowlI pray
3,69 9 ] ] ] ] j _ R lower R
8,21 mid blue
3,97 9 j j j j i ] _ mid blue R
8,47 layer
4,19 9 j ] j ] i ] _ mid blue _
8,71 layer
4,45 9 ] ] ] ] j _ R upper R
8,95 mid blue
4,70 _ _ ] _ _ R upper R
9,18 9 2(u) blue
4,97 ] ] _ ] ] j upper _
9,41 9 2(u) blue
5,23 j ] ] ] _ upper
9,63 9 1(d) 2(u) blue M
5,50 j j j j ~ upper
9.85 9 1(d) 3(u) yellow | M
5,77 j j j 4(u) _ upper
1006 | ° 1(d) 6(d) | & yelow | 5
6,04 j ] 1(d) ] 5(u) R lower
10,27 9 3(u) od) | 10 purple £
6,31 i j 1(d) j 5(u) ~ lower
1047 | ° 3(u) ord) | 10 purple | S
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the
. purple laver but due to wave breaking which was between the first and second probes the run-up
) 2) In the Run-up column, the level where the run-up reached is given in terms of the colored layerg
e 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor
2 (M), tolerable (T), significant (S), excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up" & "down" where; (u) means that
the final position of the stone is an upper layer than its original position and (d) means the
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Table 4.4 Results of Set 2 Experiments on Model 1
(Damage, Wave Run-up and Water Spray)

DATE: July 26, 2004 (Set#2 Experiments)
Ho (m.) | Duration DAMAGE
To RUP-U Water
p
(sec.) (min.) Purple | YellowI Blue Green Silver Red YellowIl Spray
3,69 9 lower
8,21 ] ) ] ) ] ] ) mid blue )
3,97 9 mid blue
8,47 ] ) ] ) ] ] ) layer )
4,19 mid blue
8,71 ° - - - - - - - layer -
4,45 9 R ] R _ R R ] upper _
8,95 mid blue
4,70 9 R ] R _ R R ] upper _
9,18 blue
4,97 mid
9,41 0 - ) - ) - - LD | yeliow )
g:ég 9 - - - - 3d) | aa) | 1) ;5?:\; M
5,50 1(u upper
385 9 - - - - 3§d; ad) | 1) y;fow T
5,77 2(u lower
10,06 9 i - i ) 4Ed§ 6(d) YD) | purple E
6,04 3(u mid
10,27 9 - - - - 4Ed; 10(d) 1(d) purple E
6,31 4(u lower
10,47 2 ] ) ) ) ngg 11(d) 1(d) purple S
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the
.. purple layer but due to wave breaking which was between the first and second probes the run-up
a 2) In the Run-up column, the level where the run-up reached is given in terms of the colored layerg
[ 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor
g (M), tolerable (T), significant (S), excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up" & "down" where; (u) means that
the final position of the stone is an upper layer than its original position and (d) means the

Using Table 4.3 and 4.4 local and total damages for Set 1 and Set 2

experiments were calculated and presented in Table 4.5 and 4.6.
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During the observations, it was seen that the major displacement of
stones took place in the red and the silver stripes which were the stripes forming
the berm. However, when the damage curves and tables were examined, it was
observed that neither local nor total damage reached the 10%, which is the

upper critical damage limit. This is shown on the Figure 4.1.

The damage level or percentage that was observed shows that the cross-
section with 10 meters berm width is stable under storm conditions according to

the pre-set stability criteria.

Model 1 Damage Curve
y - lE_07el,9891X

3,50%
3,00%
9 2,50% ~ & set#l
o 2,00% = set#2
5]
cDE5 1,50% H . Expon. (set#1)
1,00% 7, — Expon. (set#2)
|
0,50%
' £*
0,00% ‘ ‘ T

- 2,00 4,00 6,00 8,00
Wave Height (m)

Figure 4.1 Damage vs. Wave Height Curve of Setl and Set2 Experiments
Model 1

As it is seen from Fig. 4.1 damage curves for Set 1 and Set 2

experiments gives very close results.

Based on this outcome, damage value observed for Model 1 was still
below 2.50%.
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4.2 Experiments on Model 2

4.2.1 Set 1 and Set 2 Experiments

This model (Fig. 3.4) was constructed with 15 meters berm width, which
was the calculated berm width according to the wave length and berm width
interactions. This model was tested in order to see and prove the reliability of
proposed berm width giving 0-5% damage level according to the suggested

equations and calculations.

The same design wave height and period, which were selected according
to the wave climate and regional studies at the beginning of the experimental
works, were used also for this cross-section. All these waves forming the storm
were given for duration of 9 minutes contributing to a storm of 8 hours. The
wave data of the model is given in Table 4.7 and Table 4.8 for Set 1 and Set 2

experiments.

Table 4.7 Test Wave Data of Model 2, Set 1

model# 2 (setl) Experiment Date: July 28, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 3,11 3,01 3,14 8,13 0,107
3,97 8,47 3,20 3,10 3,36 8,37 0,146
4,19 8,71 3,50 3,15 3,07 8,43 0,092
4,45 8,95 4,04 3,26 3,86 8,59 0,112
4,70 9,18 4,19 3,57 3,91 8,87 0,192
4,97 9,41 4,55 3,72 3,80 8,82 0,132
5,23 9,63 4,74 4,66 4,35 9,19 0,075
5,50 9,85 4,89 4,51 3,90 9,39 0,093
5,77 10,06 5,21 4,81 5,06 9,60 0,220
6,04* 10,27 5,63 5,59 5,73 9,89 0,236
6,31** 10,47 6,37 5,98 5,28 10,05 0,152
* Breaking at the toe of the structure
** Broken waves
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Table 4.8 Test Wave Data of Model 2, Set 2

model# 2 (set2) Experiment Date: July 29, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 3,10 3,01 3,30 8,13 0,100
3,97 8,47 3,21 3,07 3,53 8,37 0,139
4,19 8,71 3,55 3,26 3,26 8,40 0,084
4,45 8,95 3,92 3,34 4,01 8,61 0,109
4,70 9,18 4,07 3,25 3,90 8,85 0,193
4,97 9,41 4,67 3,72 4,20 8,80 0,155
5,23 9,63 4,81 4,19 4,50 9,18 0,066
5,50 9,85 5,01 4,35 4,17 9,42 0,088
577 10,06 5,19 4,87 511 9,61 0,193
6,04 10,27 571 5,35 6,06 9,88 0,219
6,31** 10,47 6,21 5,79 5,56 10,07 0,159
* Breaking at the toe of the structure
** Broken waves

The results of observation of the displaced armor stones, run-up and
water spray of Set 1 and Set 2 experiments are given in Table 4.9 and Table
4.10 .
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Table 4.9 Results of Set 1 Experiments on Model 2

(Damage, Wave Run-up and Water Spray)

DATE: July 28, 2004 (Set#1 Experiments)

Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec.) (min.) | Purple | Yellowl| Blue Green | Silver Red | Yellowll pray
3,69 9 ) i i i i ) i lower i
8,21 blue layer|
3,97 9 ) i i i i ) i lower i
8,47 mid blue
4,19 9 ) i i i i ) i mid blue i
8,71 layer
4,45 ) ) ) ) ) ) upper )
gos | O 1 mid blue
4,70 ) ) ) ) ) ) upper )
9,18 9 1 blue layer|
4,97 lower
9,41 9 ) ) ) ) 1(d) 1(d) ) yellow i
5,23 ) i i i 1(u) i upper i
9.63 9 2@ | 29 mid
5,50 ) i i i 1(u) i upper
ogs | ° sy | 29 yellow | M
577 ) i i 1(u) i upper
1006 [ ° 1@ sy | 29 yelow | 7°
6,04 1(u) lower
1027 | ° : ] 1@ ] 3@ | 4@ ] md | E
6,31 1(u) lower
10,47 9 1 3(d) 4 purple S

NOTES:

1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to
wave breaking which was between the first and second probes the run-up was reduced.

2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.

3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable
(T), significant (S), excessive (E)

4) In the Damage columns, the letters (u) & (d) represent "up” & "down" where; (u) means that the final position of

the stone is an upper layer than its original position and (d) means the opposite.
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Table 4.10 Results of Set 2 Experiments on Model 2
(Damage, Wave Run-up and Water Spray)

DATE: July 29, 2004 (Set#2 Experiments)
Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec.) (min.) | Purple | Yellowl| Blue Green | Silver Red | Yellowll pray
3,69 9 ) i i i i ) i lower i
8,21 blue layer|
3,97 9 ) i i i i ) i lower i
8,47 mid blue
4,19 9 ) i i i i ) i mid blue i
8,71 layer
4,45 9 i i i i i i . upper .
8,95 mid blue
4,70 9 ) ) ) ) ) ) ) upper )
9,18 blue layer|
4,97 9 ) i i i i ) i lower i
9,41 yellow
5,23 upper
9,63 9 ) ) ) ) 1(d) 1(d) ) yellow M
5,50 upper
os5 | ° 1@ | 1@ yellow | M
5,77 upper
10,06 9 1 3@ yellow T
6,04 lower
10,27 9 ) i i i 2(d) 44 i purple E
6,31 lower
1047 [ ° - - - ] 3 1 5@ “ | pupe | S
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to
wave breaking which was between the first and second probes the run-up was reduced.
<£ 2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.
= 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable
2 (T), significant (S), excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up” & "down" where; (u) means that the final position of
the stone is an upper layer than its original position and (d) means the opposite.

Using Table 4.9 and 4.10 local and total damages for Set 1 and Set 2

experiments were calculated and presented in Table 4.11 and 4.12.
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During the observations, it was seen that the major displacement of
stones took place in the red and the silver stripes which were the stripes forming
th berm. However, when the damage curves and tables were examined, it was
observed that neither local nor total damage reached the 10%, which is the

upper critical damage limit. This is shown on the Figure 4.2

Model 2 Damage Curve

Set 1: y = 2E-06e3%1%

1,00%
0,80% -
ES . ¢ set#l
> 0.60% 7 M " set#2
S
€ 0,40% . Expon. (set#2)
° * —— Expon. (set#1)
0,20%
0,00% : : ‘ Set 2: y = 6E-07e1433%

- 2,00 4,00 6,00 8,00
Wave Height (m)

Figure 4.2 Damage vs. Wave Height Curve of Setl and Set2 Experiments

Model 2

As it is seen from Fig. 4.2 damage curves for Set 1 and Set 2

experiments gives close results.

After the figure is examined, it is proved that 0-5% damage level will be
faced when the proposed equations which were used to calculate berm width are
used in good agreement with Van Der Meer (Equations 2.13-2.14).

Figure 4.2 shows that Model 2 is stable under storm conditions and
according to the observations run-up and spray conditions do not have a

important effect on the serviceability function of the highway.

Based on this outcome, damage value observed for Model 2 was still
below 0.80%.
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4.3 Experiments on Model 3

4.3.1 Set 1 and Set 2 Experiments

This model (Fig. 3.5) was constructed width 5 meters berm width to
visualize the berm width effect on stability of the structure. Since, in Model 1
critical damage level was not reached, it was appropriate to make the berm

width smaller and see the result.

The same design wave height and period which were selected according
to the wave climate and regional studies at the beginning of the experimental
works were used also for this cross-section. All these waves forming the storm
were given for a duration of 9 minutes contributing to a storm of 8 hours. The
wave data of the model is given in Table 4.13 and Table 4.14 for Set 1 and Set 2

experiments.

Table 4.13 Test Wave Data of Model 3, Set 1

model# 3 (setl) Experiment Date: August 17, 2004

Computer Input Probe Measurements Reflection Analysis
H(m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 3,13 3,10 3,00 8,11 0,152
3,97 8,47 3,41 3,20 3,19 8,35 0,134
4,19 8,71 3,53 3,31 3,30 8,38 0,095
4,45 8,95 4,41 3,66 3,42 8,56 0,202
4,70 9,18 4,57 3,78 3,61 8,82 0,146
4,97 9,41 4,79 3,94 3,89 8,83 0,120
5,23 9,63 4,88 4,14 4,55 9,24 0,077
5,50 9,85 5,12 4,31 4,06 9,48 0,150
577 10,06 5,90 4,56 4,46 9,60 0,139
6,04* 10,27 5,79 4,97 4,80 9,89 0,096
6,31** 10,47 6,07 5,28 5,20 10,05 0,103

* Breaking at the toe of the structure
** Broken waves
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Table 4.14 Test Wave Data of Model 3, Set 2

model# 3 (set2) Experiment Date: August 18, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 3,12 3,22 3,05 8,12 0,121
3,97 8,47 3,42 3,29 3,15 8,33 0,152
4,19 8,71 3,58 3,44 3,30 8,39 0,065
4,45 8,95 4,28 4,07 3,43 8,54 0,167
4,70 9,18 4,44 3,67 3,54 8,82 0,201
4,97 9,41 4,76 4,04 3,91 8,82 0,097
5,23 9,63 4,93 4,10 4,45 9,24 0,055
5,50 9,85 5,08 4,59 4,17 9,49 0,106
577 10,06 5,59 4,66 4,37 9,59 0,163
6,04 10,27 5,72 4,91 4,76 9,88 0,116
6,31** 10,47 5,97 5,13 5,09 10,06 0,080
* Breaking at the toe of the structure
** Broken waves

The results of observation of the displaced armor stones, run-up and
water spray of Set 1 and Set 2 experiments are given in Table 4.15 and Table
4.16 .
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Table 4.15 Results of Set 1 Experiments on Model 3

(Damage, Wave Run-up and Water Spray)

DATE: August 17, 2004 (Set#1 Experiments)

Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec.) min.) | Purple | Yellowi| Blue | Green | Silver | Red |Yellow pray
3,69 9 ) i i i i ) i lower i
8,21 blue layer|
3,97 ; ) ] ] ] ] - ] mid ]
8,47 lower
4,19 mid blue
8.71 9 - - - - - ; - layer |
4,45 . . i i 1(u) . upper
8,95 9 5(d) 2d) blue layer| MIT
4,70 1(u) lower
9.18 9 : ; ; ; sy | 29 © | yelow | T
4,97 2(u) mid
041 | ° 5@ | 4@ yelow | S
5,23 2(u) lower
9,63 9 i i 1@ i 7(d) 44 i purple E
5,50 2(0) mid
9.85 9 ; - 1@ © | 100 | %@ © | pupe | E
577 ) i i 2(u) i upper
1006 | ° 1) @) | #@ ourple | E
6,04 2(u) mid
1027 [ ° ; ; 1@ " @ | D | pupe | E
6,31 ) i i 2(u) i upper
1047 | 2 1@ 210y | 6@ yellow |

NOTES:

1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to
wave breaking which was between the first and second probes the run-up was reduced.

2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.

3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable
(T), significant (S), excessive (E)

4) In the Damage columns, the letters (u) & (d) represent "up” & "down" where; (u) means that the final position of

the stone is an upper layer than its original position and (d) means the opposite.
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Table 4.16 Results of Set 2 Experiments on Model 3
(Damage, Wave Run-up and Water Spray)

DATE: August 18, 2004 (Set#2 Experiments)
Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec.) (min.) | Purple | Yellowl | Blue Green | Silver Red | Yellowll pray
3,69 9 ) i i i i ) i lower i
8,21 blue layer|
3,97 lower
a7 | ° : - - R N e T
4,19 mid blue
871 9 - - - - 1@ | 1@ - layer | MV
4,45 upper
8,95 9 2d) 3@ blue layer| M
4,70 lower
9,18 9 ) i i i 2(d) 3@ i yellow T
4,97 mid
941 | ° - - - - 2 | 50 © | yetow | S
5,23 lower
0,63 9 - - 1(d) - od) | 11(d) - ourple E
5,50 1(u) mid
9.85 9 ; - 1@ ol | PO | pupe | E
5,77 2(u) upper
1006 | ° 1@ @) | B@ puple |
6,04 2(u) mid
10,27 9 1@ 24(d) 17 purple E
6,31 2(u) upper
1047 | ° 1@ 26 | '@ yellow |
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to
wave breaking which was between the first and second probes the run-up was reduced.
ﬂ 2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.
[ 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable
2 (T), significant (S), excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up” & "down" where; (u) means that the final position of
the stone is an upper layer than its original position and (d) means the opposite.

Using Table 4.15 and 4.16 local and total damages for Set 1 and Set 2

experiments were calculated and presented in Table 4.17 and 4.18.
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During the observations, it was seen that the major displacement of
stones took place in the red and the silver stripes which were the stripes forming
th berm. When the damage curves and tables are examined, it is seen that the
local damages in the red and silver stripes forming the upper section of berm are
very critical. They are leading to a damage value of 20%. However, the total
damage does not reach 10% which is the upper critical damage limit. This is

shown on the Figure 4.3 and Figure 4.4.

Model 3 Damage Curve
9,00% Set 1:y = 6E-05e™093
8,00% - I
7,00%
$ 6,00% I ¢ set#l
L 5,00% - = set#2
£ 4,00% - Expon. (set#2)
© [ ]
o 3,00% - m — Expon. (set#1)
2,00%
1,00%
0,00% : ‘ ‘
! 2: v = BE-06el 512
- 200 400 600 800 ctZY=6EO6e
Wave Height (m)

Figure 4.3 Damage vs. Wave Height Curve of Setl and Set2 Experiments

Model 3
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Local Damage in Red and Silver Stripes

25,00% Silver: y = 0,0004¢%%%4%
20,00%
. .
X / o sSilver
15,00%
% 1 = red
E 10,00% A Expon. (red)
o // — Expon. (silver)
0,
5,00% y
0,00% ‘ ‘ ‘

Red:y = 4E-05e!293¢x
- 2,00 4,00 6,00 8,00

Wave Height (m)

Figure 4.4 Local Damage vs. Wave Height Curve of Setl and Set2 Experiments
on Model 3

As it is seen from Fig. 4.3 damage curves for Set 1 and Set 2

experiments are in good agreement.

Figures 4.3 and 4.4 shows that Model 3 encounters critical damages in the
stripes forming the berm. In contrast, when the local damage is analyzed, it
does not exceed the critical damage percentage (10%). In addition to that,
water spray and run-up conditions are also play a hazardous role on the
structure. These results clearly displays the importance of energy dissipation on
the berm that affects the stability of the structure.

4.4 Experiments on Model 4:
4.4.1 Set 1 and Set 2 Experiments
The model (Fig. 3.6) was constructed with 15 meters berm width. In this

model armor units forming the back armor layer were changing from (4-6) tons

to (2-6) tons in order to see the effect of back armor layer on the stability of the
structure.

64



The same design wave height and period which were selected according
to the wave climate and regional studies at the beginning of the experimental
works were used also for this cross-section. All these waves forming the storm
were given for a duration of 9 minutes contributing to a storm of 8 hours. The
wave data of the model is given in Table 4.19 and Table 4.20 for Set 1 and Set 2

experiments.

Table 4.19 Test Wave Data of Model 4, Set 1

model# 4 (setl) Experiment Date: September 2, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 3,17 3,01 3,39 8,12 0,098
3,97 8,47 3,23 3,07 3,56 8,36 0,134
4,19 8,71 3,67 3,11 3,23 8,40 0,118
4,45 8,95 4,21 3,27 4,23 8,63 0,087
4,70 9,18 4,13 3,32 3,85 8,81 0,174
4,97 9,41 4,67 3,72 4,27 8,73 0,196
5,23 9,63 4,87 4,35 4,38 9,17 0,099
5,50 9,85 4,81 4,27 4,19 9,45 0,085
5,77 10,06 5,31 4,56 5,04 9,62 0,178
6,04* 10,27 5,47 5,43 6,12 9,86 0,179
6,31** 10,47 6,03 5,91 5,58 10,06 0,159
* Breaking at the toe of the structure
** Broken waves

Table 4.20 Test Wave Data of Model 4, Set 2

model# 4 (set2) Experiment Date: September 2, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 3,11 3,04 3,41 8,12 0,098
3,97 8,47 3,32 3,07 3,54 8,35 0,140
4,19 8,71 3,59 3,14 3,38 8,38 0,107
4,45 8,95 4,22 3,57 4,17 8,63 0,084
4,70 9,18 4,17 3,41 3,82 8,79 0,175
4,97 9,41 4,68 3,74 4,31 8,78 0,188
5,23 9,63 4,91 4,35 4,37 9,17 0,105
5,50 9,85 4,85 4,04 4,09 9,40 0,100
5,77 10,06 5,43 4,81 5,39 9,63 0,191
6,04 10,27 5,48 5,28 6,15 9,88 0,210
6,31** 10,47 6,06 5,79 5,61 10,04 0,168
* Breaking at the toe of the structure
** Broken waves
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The results of observation of the displaced armor stones, run-up and
water spray of Set 1 and Set 2 experiments are given in Table 4.21 and Table
4.22.

Table 4.21 Results of Set 1 Experiments on Model 4
(Damage, Wave Run-up and Water Spray)

DATE: September 2, 2004 (Set#1 Experiments)
Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec) (min.) | Purple | Yellowl| Blue [ Green | Silver Red | Yellowll pray

3,69

821 9 - - - - - - - lower blue layer

397 .

847 9 - - - - 1(d) - - lower mid blue layer

4,19 .

871 9 - - - - 2(d) - - mid blue layer M

4,45 .

895 9 - - - - 5(d) - - mid blue layer M

470 .

918 9 - - - - 5(d) - - upper mid blue layer M

497

941 9 - - : - 7(d) - - upper blue layer M

gég 9 - - - - 13(d) - 1(d) mid yellow layer S

5,50

985 9 - - - - 17(d) 1(d) 1(d) upper yellow layer SIE

S : : : | @) | a) | oaey | tower purple fayer E

10,06 purple 12y

6,04 9 38(d 1(d 1(d I lel E

1027 - - - - (d) (d) (d) ower purple layer

6,31 .

1047 9 - - - - 38(d) 1(d) 1(d) lower mid purple layer E
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to wave breaking
which was between the first and second probes the run-up was reduced.

o 2)Inthe Run-up column, the level where the run-up reached is given in terms of the colored layers.
- 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable (T), significant (S),
@) .
> excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up" & "down" where; (u) means that the final position of the stone is an
upper layer than its original position and (d) means the opposite.
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Table 4.22 Results of Set 2 Experiments on Model 4
(Damage, Wave Run-up and Water Spray)

DATE: September 2, 2004 (Set#2 Experiments)
Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec.) (min.) | Purple | Yellowl| Blue Green | Silver Red | Yellowll pray
3,69 9 ) i i i i ) i lower i
8,21 blue layer|
3,97 9 ) i i i i ) i lower i
8,47 mid blue
4,19 mid blue
8,71 9 ) ) ) ) 2(d) ) ) layer M
4,45 mid blue
8,95 9 ) ) ) ) 3(d) ) ) layer M
4,70 upper
o18 | ° 4 midblue| ™
4,97 upper
9,41 9 7(d) blue layer M
5,23 mid
9,63 9 ) ) ) ) 12(d) ) ) yellow S
5,50 upper
9.85 9 12(d) 1(d) yellow S/E
577 lower
10,06 9 ) i i i 18(d) 1@ i purple E
6,04 lower
10,27 9 ) i i i 20d) | 24 i purple E
6,31 lower
1047 | 9 : - - o R md | F
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to
wave breaking which was between the first and second probes the run-up was reduced.
<£ 2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.
= 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable
2 (T), significant (S), excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up” & "down" where; (u) means that the final position of
the stone is an upper layer than its original position and (d) means the opposite.

Using Table 4.21 and 4.22 local and total damages for Set 1 and Set 2

experiments were calculated and presented in Table 4.23 and 4.24.

67



HEEUS) JO Cf| PUE Sijg sunilaas Buipnjaul Jade| Joule a0 = §g (F Moifas PUE pay YaAis SUDIaas
Burpnjaur'iade) jowue ol =4 (£ umjaas palojod Jenaiped eyl w abewep eieds = Qs (7 umaas Jenaiped eyl u sauols padejdsiplog =5 q (L SITION

%ET T %000 0 5EC'C Or [%920 I %570 L [%76 oc [ %000 | 0 [%000] O LE'g
%ET T %000 0 5EC'C Or [%920 I [%570 L [%76 oc (%000 | 0 [%O00| O )
BEF | %000 0 %07 7 o7 [%970 I [%570 ST vz | %000 | 0 [ %000] O G
%50 L %000 0 %19 | Bl %970 I %570 R /%000 | 0 [%000] O 055
%000 %000 0 D ¥l %970 I [=000 0 [=7f’c cL (w000 | o [w%O00o| o 07's
% 0F 0 %000 0 %550 ! =000 0 [%000 0 [%B) i %o o [=o00| o BT
%57 %000 0 %7 D 5 |w000 0 [%000 D 5 [wwo| o [=o00 0o 0%
%57 %000 0 %7 D 5 |w000 0 [%000 D 5 [wwo| o [=o00 0o St ¥
%110 %000 0 % /10 7 |w000 0 [%000 0 [%150 z %o o [=o00] 0o Gl'¥
%900 %000 0 %50'D I [=%000 0 [%000 0 [%570 Il [=mo| o [%mmo]| o /BT
%000 %000 0 %00'0 0 [=000 0 [%000 0 [%00D 0 [%omo| o [=o00] 0o BIC
= =] s =] = it 0% = 5 =] as ko 1% s (W] By asen,
il £og I6E G6E I6E i o 0£F SolUls o 7
alieweq ej0] wa O[3 ), Py 18415 {E¢1) ugalg an|g

(L13S) +007 ‘7 12quaydas : a1eq

¥ # [3pop] 104 sucnoas palojor)

¥ I9POIAl U0 JuswIIadx3 T 39S aU3 Jo (%) abewe( [e101 pue [ed07] €21 3|gel

68




HEEUS) JO Cf| PUE Sijg sunilaas Buipnjaul Jade| Joule a0 = §g (F Moifas PUE pay YaAis SUDIaas
Burpnjaur'iade) jowue ol =4 (£ umjaas palojod Jenaiped eyl w abewep eieds = Qs (7 umaas Jenaiped eyl u sauols padejdsiplog =5 q (L SITION

%19 %000 0 5 07 o7 [%000 0 [w%050 7 [%599 wO00D | 0 [%000] O LE'g
%07 | %000 0 5,50 | 77 %000 0 |w%050 e wO00D | 0 [ %000] O )
%50 L %000 0 5% 19| 6l %000 0 |%5z0 N wO00D | 0 [ %000] O G
%G 0 %000 0 %01 | £l [%000 0 |%520 G wO00D | 0 | %000] O 055
%59 0 %000 0 w70 | 7l [%000 0 [%000 NEE wO00D | 0 [ %000] O 07's
% 0F 0 %000 0 %550 ! =000 0 [%000 0 [%B) wO00D | 0 [ %000] O BT
%7 %000 0 %P ¥ |%000 0 [%000 NEED wO00D | 0 [ %000] O 0%
%410 %000 0 %57 0 r  |wooo 0 [%000 0 [%:0 wO00D | 0 [ %000] O St ¥
%110 %000 0 % /10 7 |w000 0 [%000 0 [%150 wO00D | 0 [ %000] O Gl'¥
%000 %000 0 %00'0 0 [=000 0 [%000 0 [%00D wO00D | 0 [ %000] O /BT
%000 %000 0 %00'0 0 [=000 0 [%000 0 [%00D wO00D | 0 [ %000] O BIC
= =] s =] = it 0% = 5 as ko 1% s (W] By asen,
il £og I6E G6E I6E i o 0£F SolUls o 7
alieweq ej0] wa O[3 ), Py 18415 {E¢1) ugalg an|g

(Z13S) +007 ‘7 19quaydas : ayeq

¥ # [3pop] 104 sucnoas palojor)

¥ 19POIAl U0 JuawIIadX3 g 18S aY1 JO (%) abewreq [e101 pue [ed07] ¥Z't 8|gel

69




During the observations, it was seen that the major displacement of
stones took place in the red and the silver stripes which were the stripes forming
the berm. However, when the damage curves and tables were examined, it was
observed that neither local nor total damage reached the 10%, which is the

upper critical damage limit. This is shown on the Figure 4.5

Model 4 Damage Curve

3,50% Set 1.y = 2E-06el54%8
3,00% -
S 2,50% o ¢ set#l
% 2,00% - B set#2
% 1,50% Expon. (set#1)
O 1,00% —— Expon. (set#2)
0,50% -
0,00% ‘ T

Set 2:y = 6E-06el271%
- 2,00 4,00 6,00 8,00

Wave Height (m)

Figure 4.5 Damage vs. Wave Height Curve of Setl and Set2 Experiments

Model 4

When the results of experiments are examined, the major outcome is the
effect of armor unit weight change in the back armor layer on the front armor
layer. It causes an increase in the local damage of the layers forming the front
armor layer and the total damage of the structure. In addition, this model is

stable under the storm conditions.

As it is seen from Fig. 4.5 damage curves for Set 1 and Set 2

experiments gives very close results.

Based on this outcome, damage value observed for Model 4 was still
below 2.50%.

4.5 Experiments on Model 5
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4.5.1 Set 1 and Set 2 Experiments

The Model (Fig. 3.7) was constructed with 10 meters berm width. In this
model armor units forming the back armor layer were changing from (4-6) tons
to (2-6) tons in order to see the effect of back armor layer on the stability of the

structure.

The same design wave height and period which were selected according
to the wave climate and regional studies at the beginning of the experimental
works were used also for this cross-section. The wave data of the model is given
in Table 4.25 and Table 4.26 for Set 1 and Set 2 experiments.

Table 4.25 Test Wave Data of Model 5, Set 1

model# 5 (setl) Experiment Date: August 31, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 3,04 3,13 3,03 8,13 0,101
3,97 8,47 3,17 3,29 3,24 8,38 0,163
4,19 8,71 3,34 3,51 3,44 8,37 0,086
4,45 8,95 4,26 3,76 3,53 8,59 0,132
4,70 9,18 4,01 3,41 3,48 8,83 0,241
4,97 9,41 4,56 3,71 4,01 8,77 0,135
5,23 9,63 4,91 4,07 4,27 9,18 0,070
5,50 9,85 4,75 4,35 3,82 9,42 0,111
5,77 10,06 5,43 4,10 4,25 9,64 0,196
6,04* 10,27 5,18 5,28 5,43 9,91 0,216
6,31** 10,47 5,95 5,59 5,54 10,07 0,143
* Breaking at the toe of the structure
** Broken waves

Table 4.26 Test Wave Data of Model 5, Set 2
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model#5 (Set2) Experiment Date: August 31, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 3,01 3,16 3,04 8,12 0,112
3,97 8,47 3,17 3,26 3,19 8,36 0,169
4,19 8,71 3,31 3,55 3,41 8,37 0,084
4,45 8,95 4,22 3,72 3,49 8,57 0,144
4,70 9,18 3,96 3,44 3,50 8,82 0,246
4,97 9,41 4,36 3,72 4,05 8,76 0,137
5,23 9,63 4,87 4,04 4,25 9,22 0,077
5,50 9,85 4,71 4,32 3,81 9,43 0,114
5,77 10,06 5,37 4,07 4,20 9,65 0,205
6,04* 10,27 5,28 5,19 5,51 9,87 0,213
6,31** 10,47 5,87 5,81 5,61 10,08 0,145
* Breaking at the toe of the structure
** Broken waves

The results of observation of the displaced armor stones, run-up and
water spray of Set 1 and Set 2 experiments are given in Table 4.27 and Table
4.28 .
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Table 4.27 Results of Set 1 Experiments on Model 5
(Damage, Wave Run-up and Water Spray)

DATE: August 31, 2004 (Set#1 Experiments)

Ho (m.) | Duration DAMAGE

To Run-up \éVater
(sec.) (min.) | Purple | Yellowl | Blue Green | Silver Red | Yellowll pray
T N N N B B ECH R R o
il IR B I N ECH R I o I
i N N N B B N G B A
o I I N B R O I A
gzg 9 . i i i éggi 3@ i mlijsrl)oelze i
giz o . i i i égg; 3@ i blﬂsrljs;er i
7 I I N I I I A
2 | [ [ea=e]  [am] -
156,7076 9 - - - ; zlo(zjd)) ZON plmel; E
166,0247 9 - - : ; 220((ud)) O plrjnrlpje E
166,3;117 9 i i i ) 222(8) 13 i [!?J\I/’\SL E

NOTES:

1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to
wave breaking which was between the first and second probes the run-up was reduced.

2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.

3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable
(T), significant (S), excessive (E)

4) In the Damage columns, the letters (u) & (d) represent "up" & "down" where; (u) means that the final position of
the stone is an upper layer than its original position and (d) means the opposite.
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Table 4.28 Results of Set 2 Experiments on Model 5
(Damage, Wave Run-up and Water Spray)

DATE: August 31, 2004 (Set#2 Experiments)
Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec.) (min.) | Purple | Yellowl| Blue Green | Silver Red | Yellowll pray
3,69 lower
8,21 9 ) ) ) ) ) 1(d) " |bluelayer]
3,97 lower
8,47 9 . . i i i 3@ T |oluelayer] T
4,19 lower
g71 | ° - - - R N e T
4,45 mid blue
8.95 9 - - - - 2(u) 3(d) 1(d) layer -
4,70 upper
018 | ° S I e
4,97 upper
9,41 9 . ) ) ) Au) 5() 1) blue layer M
5,23 5(u) upper
9.63 9 sy | 2@ | D yeow | S
5,50 5(u) upper
9,85 9 sy | 2@ ] @] enow |
577 5(u) lower
1006 [ ° agy | SO | XD e | B
6,04 5(u) mid
10,27 9 ) i i i 12(d) o 1) purple E
6,31 6(u) lower
1047 | ° w@ | YO | X e | E
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to
wave breaking which was between the first and second probes the run-up was reduced.
ﬂ 2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.
= 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable
2 (T), significant (S), excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up” & "down" where; (u) means that the final position of
the stone is an upper layer than its original position and (d) means the opposite.

Using Table 4.27 and 4.28 local and total damages for Set 1 and Set 2

experiments were calculated and presented in Table 4.29 and 4.30.

74



HEEUS) JO Cf| PUE Sijg sunilaas Buipnjaul Jade| Joule a0 = §g (F Moifas PUE pay YaAis SUDIaas
Burpnjaur'iade) jowue ol =4 (£ umjaas palojod Jenaiped eyl w abewep eieds = Qs (7 umaas Jenaiped eyl u sauols padejdsiplog =5 q (L SITION

%047 %000 0 5 10y I 0 [%Esr L [w/90L | vz [%000] 0 (=000 0 LE'g
%EG'7 %000 0 %55 1 5t [=%000 0 |%Esr £l %86 7z | w000 | o [=O000| o )
%OF 7 %000 0 %57 ¥ e 0 |wacy 7l |%ECR 1z [wooo| o [=o00| 0o G
%56 | %000 0 5%,8C'C o7 [%000 0 [%acy 7l %Iz 3 ¥l | %000 | 0 |%000] O 055
%50 | %000 0 %507 77 %000 0 |wiarc £ |%B/5 cL (w000 | o [w%O00o| o 07's
%09 %000 0 %/ ) %000 T o [ws97 g [wwo| o [=o00 0o BT
%G %000 0 % 15D ! =000 T o [%B) v w00 o [=o00| o 0%
%G 0 %000 0 %5/ g [%000 T SEEED t %o o [=o00] 0o St ¥
%510 %000 0 %5710 7 |w000 0 [w%aco L [%rr'D Il [=mo| o [%mmo]| o Gl'¥
%510 %000 0 %5710 7 |w000 0 [w%aco L [%rr'D Il [=mo| o [%mmo]| o /BT
%510 %000 0 %5710 7 |w000 0 [w%aco L [%rr'D Il [=mo| o [%mmo]| o BIC
= =] s 5 = it 0% = 5 =] as ko 1% s (W] By asen,
LEEL £og (1.1 [if.1d cie Lid i o 0£F SolUls o 7
alieweq ej0] wa 74 O[3 ), Py 18415 {E¢1) ugalg an|g

{(1L3S) 1007 *1€ wsnbny : ajeq

G # [apop] 104 sucndas palojor)

G [9POIA U0 JuswIlIadx3 T 39S aU3 Jo (%) sbewe(q [el0] pue [ed07] 621 d|geL

75



HEEUS) JO Cf| PUE Sijg sunilaas Buipnjaul Jade| Joule a0 = §g (F Moifas PUE pay YaAis SUDIaas
Burpnjaur'iade) jowue ol =4 (£ umjaas palojod Jenaiped eyl w abewep eieds = Qs (7 umaas Jenaiped eyl u sauols padejdsiplog =5 q (L SITION

%EG'7 %000 0 %55 1 5t [e%s0'0 I [%B0'5 ¥l [%E00 Oz [ =000 0 [%000] O LE'g
%07 %000 0 5% |G'C S NEYE EEER TR EE R )
%L %000 0 %56 | 5l [%s00 D 5 [%00't F | %00 0o [=o00| o G
%50 L %000 0 70 | ¥l %50 D 5 [%95E 2 (%o 0o [=o00| 0 055
T %000 0 570 | ¥l %50 D 5 [%95C 2 [wowo| o [=o00] 0o 07's
%G %000 0 %00 | 0L [%50 D 5 [%B) v w00 o [=o00| o BT
%09 0 %000 0 il g |wmic0 D o [%B) v w00 o [=o00| o 0%
%G 0 %000 0 %5/ g [wmic0 D [%p20 z %o o [=o00] 0o St ¥
%020 %000 0 %750 ¥ |%000 T o [%prD Il [=mo| o [%mmo]| o Gl'¥
%7 %000 0 % EC'D r  |wooo T c [%00D 0 [%omo| o [=o00] 0o /BT
%000 %000 0 %EL'D I [=%000 0 [w%aco L [=00D 0 [%omo| o [=o00] 0o BIC
= =] s =] = it 0% = 5 =] as ko 1% s (W] By asen,
LEEL £og [if.1d cie Lid i o 0£F SolUls o 7
alieweq ej0] wa O[3 ), Py 18415 {E¢1) ugalg an|g

{z13S) 1007 '1£ 1snbny @ areq

G # [apop] 104 sucndas palojor)

G [9POIAl U0 JuswIIadX3 ¢ 18S aU3 Jo (%) abewe( [e101 pue [ed07] OEY 3|gel

76




During the observations, it was seen that the major displacement of

stones took place in the red and the silver stripes which were the stripes forming

the berm. When the damage curves and tables are examined, it is seen that the

local damage in the silver stripe forming the upper section of berm is critical. It
is leading to a damage value of 11%. However, the total damage does not reach

10%, which is the upper critical damage limit. This is shown on the Figure 4.6

and Figure 4.7.

5,00%
4,00%
3,00%

2,00%

Damage %

0,00%

1,00%

Model 5 Damage Curve

Set 1.y = 9E-06e13371

& set#l
m set#2
— Expon. (set#1)

——Expon. (set#2)

Set 2:y = 2E-05e11%72
2,00

4,00 6,00
Wave Height (m)

8,00

Figure 4.6 Damage vs. Wave Height Curve of Setl and Set2 Experiments

Model 5

18,00%
16,00%
14,00%
12,00%
10,00%
8,00%
6,00%
4,00%
2,00%
0,00%

Damage %

Local Damage on Silver Stripe

Il y - 2E_05e1,4454x
* ¢ silver
. —— Expon. (silver)
A4
2,00 4,00 6,00 8,00

Wave Height (m)

Figure 4.7 Local Damage vs. Wave Height Curve of Setl and Set2

Experiments Model 5
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As it is seen from Figure 4.6 damage curves for Set 1 and Set 2

experiments gives close results.

Since the one of the layers reach to a damage percentage exceeding the
upper critical level of damage (10%), the structure is said to be unstable under
severe wave conditions. This is because of the fact that, stability was related not
only the total cumulative damage but also local damages in the layers forming

the coastal defense structure.

4.6 Experiments E1, E2 and E3

After the completion of experiments on the alternative models, additional
experiments were carried out to observe the effects of wave irregularity, wave
steepness and storm duration in the model studies. For this purpose 3 additional
sets of experiments were carried out by using the cross-section of Model 4 which
was one of the tested cross-sections (Ozler, 2004). Additional experiments are
named as E1, E2 and E3 for wave irregularity, wave steepness and storm
duration, respectively. The cross-sectional details are given in Figure 4.8 and

details of each experiment are given in the following parts.

0-0,4 Tons

Figure 4.8 Cross-section of Model 4 (Prototype Values)
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4.6.1 Experiment E1

In the model studies, regular waves were generated as significant wave
heights representing a storm. However, in nature the waves do not have a
regular pattern. In order to compare the results of model waves, generated as
regular or irregular, on the damage of the breakwater cross-section, experiment
E1l was carried out. DHI Wave Synthesizer was used for the generation of
irregular waves. The surface elevation spectrum was chosen to be JONSWAP
spectrum. Irregular waves generated in 11 time steps with 9 minutes durations.

The wave data of the model is given in Table 4.31 for the experiment.

Wave heights and periods where the occurrence probability of each
individual wave generally is in good agreement with Rayleigh distribution.
Significant wave height, average of the highest 1/3 of n waves, is the statistical

definition used to represent the wind waves.

Table 4.31 Test Wave Data of E1 Model 4

model# 4 (irregular)  Experiment Date: September 8, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 2,33 2,28 2,27 7,55 0,180
3,97 8,47 2,48 2,44 2,41 7,86 0,183
4,19 8,71 2,79 2,68 2,53 8,09 0,182
4,45 8,95 2,95 2,78 2,70 8,28 0,186
4,70 9,18 3,11 2,92 2,64 8,46 0,180
4,97 9,41 3,26 3,04 2,78 8,65 0,176
5,23 9,63 3,35 3,17 2,91 8,91 0,185
5,50 9,85 3,41 3,26 3,06 9,00 0,184
577 10,06 3,72 3,54 3,15 9,16 0,182
6,04 10,27 3,98 3,61 3,25 9,40 0,189
6,31** 10,47 4,66 4,09 3,32 9,40 0,197
* Breaking at the toe of the structure
** Broken waves

The results of observation of the displaced armor stones, run-up and

water spray of experiment are given in Table 4.32.
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Table 4.32 Results of Experiment E1 on Model 4
(Damage, Wave Run-up and Water Spray)

DATE: September 8, 2004 (Set#1 Experiments)
Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec.) (min.) | Purple | Yellowl| Blue | Green | Silver Red | Yellowll pray
3,69
821 9 - - - - - - - lower blue layer
3,97
8.47 9 - - - - - - - lower blue layer
419 .
871 9 - - - - 1(d) - - mid blue layer
4,45 .
895 9 - - - - 3(d) - - mid blue layer M
470 .
918 9 - - - - 5(d) - - upper mid blue layer M
497
941 9 - - - - 5(d) - - upper blue layer T
523
963 9 - - - - 7(d) - - upper yellow layer S
5,50
985 9 - - - - 10(d) - - lower purple layer S
577
10,06 9 - - - - 11(d) - - lower purple layer E
6,04
1027 9 - - - - 11(d) - - lower purple layer E
631 : : : | se | - - | rowermidpurpletayer | E
10,47 purple fay
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to wave breaking
which was between the first and second probes the run-up was reduced.
%) 2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.
e 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable (T), significant (S),
o .
=  excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up" & "down" where; (u) means that the final position of the stone is an
upper layer than its original position and (d) means the opposite.

Using Table 4.32 local and total damages for experiment were calculated

and presented in Table 4.33.
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During the observations, it was seen that the major displacement of the
armor stones took place in the silver stripe, which was one of the stripes forming
the berm. When the damage curves and tables are examined, it was observed
that neither local nor total damage reached the 10%, which is the upper critical

damage limit. This is shown on the Figure 4.9.

Model 4 Damage Curve Under Irregular Waves
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Figure 4.9 Damage vs. Wave Height Curve of E1 Model 4

When the outcome of the experiment with irregular wave (Figure 4.9) is
compared with the outcome of the experiments with regular waves (Figure 4.5)
on the same model, it was seen that test with regular waves is much more
critical than the test with irregular waves. It might be due to the fact that,
during the test period of experiments with regular wave generation, 100% of the
waves attacking the structure were of significant wave height. However, in case
of irregular waves almost 84% of the waves attacking the structure were smaller

than significant wave height.
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4.6.2 Experiment E2

Wave steepness value was taken as 0.038 for the selected region as
mentioned in part 3.3. In order to observe the effect of wave steepness the
value increased to 0.043. Increased steepness causes the incoming waves to
break at the toe of the structure, which will create the most critical condition

from the stability point of view.

Wave heights kept same and corresponding wave period calculated by
using the wave steepness value of 0.043. Wave heights and corresponding wave
period values are given in the computer input column of Table 4.34. The results

of reflection analysis results are also tabulated in Table 4.34.

Table 4.34 Test Wave Data of E2 Model 4

model# 4 (stpns.=0.043) Experiment Date: September 9, 2004
Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 7,41 3,11 3,14 3,03 7,29 0,215
3,97 7,69 3,72 3,41 3,60 7,48 0,152
4,19 7,90 3,57 3,44 3,32 7,62 0,214
4,45 8,14 3,75 3,51 3,81 8,02 0,096
4,70 8,37 4,19 3,47 3,89 8,19 0,159
4,97 8,61 3,98 3,54 4,12 8,27 0,150
5,23 8,83 5,15 4,04 3,89 8,40 0,144
5,50 9,05 5,18 3,85 4,04 8,58 0,100
577 9,27 4,97 4,19 4,85 8,80 0,184
6,04* 9,50 6,06 5,12 4,37 8,94 0,140
6,31* 9,70 6,15 5,28 5,01 9,25 0,076

* Breaking at the toe of the structure

The results of observation of the displaced armor stones, run-up and

water spray of experiment are given in Table 4.35.
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Table 4.35 Results of Experiment E2 on Model 4
(Damage, Wave Run-up and Water Spray)

DATE: September 9, 2004 (Set#1 Experiments)
Ho (m.) | Duration DAMAGE
Water
To Run-up Spra
(sec.) (min.) | Purple | Yellowl | Blue Green Silver Red | Yellowll pray
3,69 9 ) ) ) ) ) ) ) lower )
7,41 blue layer|
3,97 9 ) ) ) ) ) ) ) lower )
7,69 blue layer
4,19 9 ) ) ) ) ) ) ) lower )
7,90 mid blue
4,45 9 ) ) ) ) ) ) ) mid blue )
8,14 layer
4,70 upper
8,37 9 1(d) blue layer
4,97 upper
8,61 9 1(d) blue layer M
5,23 upper
8,83 9 - - - - 3@ - - md | 7S
5,50 9 ) ) ) ) 1(u) ) ) upper s
9,05 4(d) yellow
5,77 9 _ ) ) ) 1(u) ) ) lower £
9,27 4(d) purple
6,04 9 ) ) ) ) 1(u) ) ) lower £
9,50 7(d) purple
6,31 9 ) ) ) ) 1(u) ) ) lower £
9,70 18(d) purple
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to
wave breaking which was between the first and second probes the run-up was reduced.
@ 2) In the Run-up column, the level where the run-up reached is given in terms of the colored layers.
= 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable
% (T), significant (S), excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up” & "down" where; (u) means that the final position of
the stone is an upper layer than its original position and (d) means the opposite.

Using Table 4.35 local and total damages for experiment were calculated

and presented in Table 4.36.

84



Burpnjaur'iade) jowue ol =4 (£ umjaas palojod Jenaiped eyl w abewep eieds = Qs (7 umaas Jenaiped eyl u sauols padejdsiplog =5 q (L SITION

HasIC) J0 CF| PUE afpg sUijaas Buipnjou ade| J0ule ¥IB0 = g (F MOfad PUE pay YaArs SU0IIES

%50 L %000 0 5% 19| 6l [%000 0 [%000 0 [%592' G [ %000 | 0 [%000] O LE'g
%07 %000 0 %590 g [=000 0 [%000 N 2 [wowo| o [=o00] 0o )
%57 %000 0 %7 D 5 |w000 0 [%000 D 5 [wwo| o [=o00 0o G
%57 %000 0 %7 D 5 [%000 0 [%000 0 [%B7) 5 %o 0 [=000| 0 055
%410 %000 0 %57 0 r  |wooo 0 [%000 0 [%:0 t %o o [=o00] 0o 07's
%900 %000 0 %50'D I [=%000 0 [%000 0 [%570 Il [=mo| o [%mmo]| o BT
%900 %000 0 %50'D I [=%000 0 [%000 0 [%570 Il [=mo| o [%mmo]| o 0%
%000 %000 0 %00'0 0 [=000 0 [%000 0 [%00D 0 [%omo| o [=o00] 0o St ¥
%000 %000 0 %00'0 0 [=000 0 [%000 0 [%00D 0 [%omo| o [=o00] 0o Gl'¥
%000 %000 0 %00'0 0 [=000 0 [%000 0 [%00D 0 [%omo| o [=o00] 0o /BT
%000 %000 0 %00'0 0 [=000 0 [%000 0 [%00D 0 [%omo| o [=o00] 0o BIC
= =] s =] = it 0% = 5 =] as = 1% s (W] By asen,
il £og 21198 I6E G6E I6E i o 0£F SolUls o 7
alieweq ej0] wa 74 O[3 ), Py 18415 {E¢1) ugalg an|g

(L13S) +007 ‘6 12quaydas : a1eq

{£F070 = ssaudaals) ¢z [apopy 104 sUepIas palojo])

¥ 1I9POIN U0 z3 Juswiiadx3 ay3 Jo (9p) sbewe( €10 pue [0 9g' 3|qeL

85



During the observations, it was seen that the major displacement of the
armor stones took place in the silver stripe, which was one of the stripes forming
the berm. When the damage curves and tables are examined, it was observed
that neither local nor total damage reached the 10%, which is the upper critical
damage limit. This is shown on the Figure 4.10.

Model 4 Damage Curve Under Increased Steepness Waves
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[
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0,00% T T T
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0,40%

Figure 4.10 Damage vs. Wave Height Curve of Experiment E2 Model 4

When the results of the experiment E2 (steepness: 0.043) is compared
with the results of the previous experiments (steepness: 0.038) done on Model
4, for the increased steepness of waves attacking the structure the damage level

of the structure is smaller.

In general, as the steepness is increased the chance of waves breaking at
larger depths is increased. Therefore, structure is likely to expose to broken

waves resulting in lower damage.

4.6.3 Experiment E3

Model 4 (Fig. 3.6) was tested with individual regular waves generated for
a duration of 12 minutes in order to see the affect of increase in the number of
waves attacking the structure on the stability and damage level of the structure.
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The same design wave height and period which were selected according
to the wave climate and regional studies at the beginning of the experimental
works were used also for this cross-section. The wave data of the model is given

in Table 4.37 for the experiment.

Table 4.37 Test Wave Data of E3 Model 4

I model# 4 (dur.=12min.)  Experiment Date: September 16, 2004 I

Computer Input Probe Measurements Reflection Analysis
H (m.) T (sec.) 1. Probe 7. Probe H(m.) T(sec.) Cr (ref. coeff.)
3,69 8,21 311 3,07 3,15 8,13 0,093
3,97 8,47 3,14 3,11 3,40 8,33 0,144
4,19 8,71 3,41 3,20 3,05 8,35 0,103
4,45 8,95 3,86 3,35 3,94 8,62 0,088
4,70 9,18 3,95 3,11 3,39 8,76 0,156
4,97 9,41 4,35 3,57 4,08 8,85 0,168

5,23 9,63 4,78 3,91 4,01 9,17 0,101
5,50 9,85 4,59 4,07 3,72 9,44 0,108
5,77 10,06 5,03 4,56 4,97 9,64 0,202
6,04* 10,27 5,06 4,91 5,59 9,88 0,195
6,31** 10,47 5,91 5,74 5,01 10,09 0,164
* Breaking at the toe of the structure

** Broken waves

The results of observation of the displaced armor stones, run-up and

water spray of experiment are given in Table 4.38.
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Table 4.38 Results of Experiment E3 on Model 4
(Damage, Wave Run-up and Water Spray)

DATE: September 16, 2004 (Set#1 Experiments)
Ho (m.) | Duration DAMAGE
Water
To Run-up Sora
(sec.) (min.) | Purple | Yellowl| Blue | Green | Silver | Red | Yellowll pray
3,69
821 12 - - - - 1(d) - - lower blue layer
397 .
847 12 - - - - 4(d) 1(d) - lower mid blue layer
Sl IEETIN I i i oo | w0 |- mid blue layer M
8,71
445 12 - - - - 8(d) 1(d) - mid blue layer M
8,95
4,70 .
918 12 - - - - 8(d) 1(d) - upper mid blue layer M
331 12 - - - - 9(d) 1(d) - upper blue layer T
5,23 .
963 12 - - - - 11(d) 1(d) - mid yellow layer S
5,50
985 12 - - - - 14(d) 1(d) - upper yellow layer E
517 12 - - - - 21(d 1(d - lower purple layer E
10,05 @ | 1) purple lays
6,04 12 29(d 3(d I lel E
1027 - - - - (d) (d) - ower purple layer
6,31 12 - - - - 33(d) 3(d) - lower mid purple layer E
10,47 purple layt
1) At the last wave height which is 6,31 m. first 3-4 waves reached the lower 1/3 part of the purple layer but due to wave breaking
which was between the first and second probes the run-up was reduced.
o 2)Inthe Run-up column, the level where the run-up reached is given in terms of the colored layers.
e 3) In the Water Spray column, the degree of water spray observed is described in terms of ; minor (M), tolerable (T), significant (S),
o .
=  excessive (E)
4) In the Damage columns, the letters (u) & (d) represent "up" & "down" where; (u) means that the final position of the stone is an
upper layer than its original position and (d) means the opposite.

Using Table 4.38 local and total damages for experiment were calculated

and presented in Table 4.39.
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During the observations, it was seen that the major displacement of the
armor stones took place in the silver stripe, which was one of the stripes forming
the berm. When the damage curves and tables are examined, it was observed
that neither local nor total damage reached the 10%, which is the upper critical
damage limit. This is shown on the Figure 4.11.

Model 4 Damage Curve Under Regular Waves
of 12 min. Duration

3,00% y= 3E-05e1-0801x
2,50% |
> 2,00%
S o Set#l
2 1,50% |
% 1.00% — Expon. (Set#1)
D 1
0,50% ﬂ#
0,00% : ‘

- 2,00 4,00 6,00 8,00

Wave Height (m)

Figure 4.11 Damage vs. Wave Height Curve of Experiments E3 Model 4

When the results of the experiment E3 are compared with the results of
the previous experiments (Figure 4.5) done on Model 4, the increase of the
number of waves that attack the structure does not seriously effect the damage
level of the structure. There occurs a slight change in the total and local

damages of the structure. This shows us that the previously made experiments
are reliable.
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CHAPTER 5

CONCLUSION

The model studies were carried out on the cross-section of coastal defense
structures (rubble-mound breakwaters) for the Eastern Black Sea Highway
Project. Ordu-Giresun area had been selected as the pilot area to apply the
model investigations (Dedeoglu R. (2003) and Taskiran 1. (2003)). In the
present study, the same pilot area was selected in order to build on the previous
studies. The major aim was to apply experimental studies to improve the
previously proposed cross-sections and to obtain the most economical, safe and

servicable cross-section.

During these studies, wave heights with their return period for the
Eastern Black Sea Region were obtained from Wind and Wave Atlas for Turkish
Coasts Project Report (Ozhan and Abdalla, 1999). The most critical cross-section
of the defense structure which was planned to be constructed in the Giresun
coastal region was at depths of 7.50 meters that would be attacked by breaking
waves of deep water significant wave height of Hs= 5.80 meters and significant
period Ts= 9.90 seconds having a return period of 17 years (Ozhan and Abdalla,
1999). Generally in Turkey,the life time of coastal protection structures s
considered to be between 30 and 50 years. It was decided to use an average
life time as 40 years. The probability of the structure to be under severe wave
breaking action at least once in its lifetime was computed to be P=91% (Ozler,
2004). In each experiment, 11 individual test waves forming a storm having the
significant wave height and period discussed above were generated. In the
experiments, the significant wave heights and periods were ranging between

3.69 and 6.31 meters, 8.21 and 10.47 seconds, respectively.
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The starting point of the experimental studies was the model constructed
with a scale of 1/31.08 which was the last tested cross-section by Dedeoglu
(2003) and Taskiran (2003). The experimental works proceeded with the
changes in berm widths and armor stone sizes to see the berm width and armor
stone size effects on the stability of the structure. The models were constructed
with a berm being 1 meter above still water level. Berm breakwaters are mostly
constructed as being above still water level as the construction is much simpler
than the ones constructed below still water level. When the outcomes were
examined, it was observed that a cross-section with smaller sized armor stones
forming the back armor layer (2-6 tons) with a berm width of 15 meters
constructed was stable under the storm conditions. This berm width was the
recommended width resulting in (0-5%) damage by Van Der Meer (CEM, 2003)
using the given equations. In addition, the stated percentage damage was also

obtained.

Tests were carried out on the models constructed by berm widths as 5-

10-15 meters and back armor layer stone sizes as (4-6) tons and (2-6) tons.

Minimum cumulative total damage was observed as 1% on the Model 2
(Figure 3.4) which was constructed with 15 meters berm width and (4-6) tons

front and back armor layer stone sizes.

Maximum total damage was observed on Model 3 (Figure 3.5) as 10%
resulting in 20% local damage in the layers forming the berm. This was faced on
the model having 5 meters berm width and (4-6) tons front and back armor

layer stone sizes.

When the damage of models with the same berm width but different back
armor stone sizes were compared, it was observed that the stone size reduction
increased the cumulative local damage of the layers forming the berm. This
might be due to the reason that, when smaller armor stone sizes are used at
back armor layer porosity decreases which causes higher reflection resulting

higher superposed wave heights at the berm.

Finally, when the cumulative total and local damages of the experiments
on Models 1-5 were examined according to the stability and economy criterion,

there occurred two cross-sections to be analyzed, Model 4 and Model 5. Model 4
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(Figure 3.6) had a total cumulative damage percentage of 3.50 % having local
cumulative damage below critical damage level (10%). However, Model 5
(Figure 3.7) had a total cumulative damage percentage of 4.50% but resulting in
a 16% local cumulative damage exceeding the critical damage level. Therefore,
Model 4 with 15 meters berm width and (2-6) tons and (4-6) tons sized armor
units forming back and front armor layers, respectively, found to be stable under

storm condition tested.

When the cumulative total damage of the experiment with irregular wave
(Figure 4.9) was compared with the outcome of the experiments with regular
waves (Figure 4.5) on the same model, it was seen that test with regular waves
were more critical than the test with irregular waves both being under 5%
damage. It might be because, during the test period of experiments with regular
wave generation, 100% of the waves attacking the structure were of significant
wave height. However, in case of irregular waves almost 84% of the waves
attacking the structure were smaller than significant wave height. On the other
hand, carrying out model studies with irregular waves are the recommended
procedure since, irregular waves represent the wind waves in nature better than

the regular waves.

Effect of increase in wave steepness was also tested with an additional
set of experiment (E2). Wave steepness was increased from 0.038 to 0.043.The
results of the experiment E2 (steepness: 0.043) showed that the damage
percentage decreased to 1% from 3.5% for the same model tested with smaller
steepness as the chance of waves breaking at higher depths before reaching the

structure increased.

Lastly, Model 4 (Figure 4.6) was tested for a longer storm duration (E3)
to see the effect of change in the number of waves attacking the structure.
Durations of storms were increased from 8 hours to 11 hours. However, the
increase of the number of waves that attack the structure did not seriously affect

the damage level of the structure.
When berms were constructed above still water level, energy dissipation

of the waves traveling along the width of the berm was increased due to the

pores and impurities between the armor stones forming the berm. This resulted
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in lower wave run-up and water spray when compared with the model
investigations done on the berms being below still water level (Ozler, 2004).

Toe protection is very important from failure point of view. In the present
study only damage criteria is examined. However, for a widened work failure
modes and protections should also be taken into consideration resulting in more
advanced design of toe protection.

It is highly recommended that, in the future studies effect of filter layers
must be studied, since the filter layers were kept same throughout the present
study. In addition, irregularity impact should also be examined in order to clear

up the misunderstood parts of irregular wave generation outcomes.

Economical analysis should be carried out for the recommended

alternative.
An other recommendation for the future studies is based on artificial

units. For the regions having rough climates like Eastern Black Sea, it might be a

more economical solution to use artificial units.
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APPENDIX

Figure A.1 Colored stripes of Model 4

Figure A.2 Front View of Model 4
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Figure A.3 Side view of Model 3

Figure A.4 Wave effect and run-up
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Figure A.5 Breaking of Waves on the Berm of Model 4

Figure A.6 Construction of Models
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