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Summary

A major part of the breakwaters constructed in the world are the so-called conventional rouble
mound breakwaters, Figure 1a), that consist of a core, a filter layer and a heavy armour layer.
An alternative to the conventional rouble mound breakwater is a berm breakwater. Berm
breakwaters have mainly developed in two directions over the last couple of decades. On the
one hand a dynamically stable structure, where reshaping is allowed, Figure 1b). And on the
other hand a more stable multi layered structure often referred to as Icelandic type berm

breakwater, Figure 1c¢).

a) b) c)

Figure 1. Example of different types of breakwaters, a) Conventional rubble mound breakwater, b)

dynamically stable berm breakwater and c¢) Icelandic type berm breakwater

When there is a quarry, relatively close to the construction site, which is dedicated to the
breakwater project, the Icelandic type has proven to be very attractive economically. The

basic reason for that is that unlike the other types the Icelandic type utilizes the quarry 100%.

This M.Sc. thesis focuses on the Icelandic type berm breakwater. Before an Icelandic type
berm breakwater is constructed the stones are divided into classes depending on their size.
The smaller armour stones are then placed rather deep where the influence of the wave attack
is less, while the largest stones are placed where the largest wave attack is expected.

Goals of this project:

e Design rules for the transaction of stone classes with depth have not yet evolved and
the main goal of this project was to develop a stability criterion for the stones in that
area. (Primary goal)

e Stones on berm. Since the total amount of the largest stones (Class I) is usually
limited, the combination of the amount of large stones on the berm and down the berm
is important. (Secondary goal)

e Recession. Recession will be measured in each test and thereby a large database on the

subject will be made available for further research on the subject. (Secondary goal)
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e The location of the transition of the original and the reshaped profiles as the berm

height changes as well as for different stone setups. This is also closely related to the

primary goal of the project. (Secondary goal)

SETUP |

SETUP 2

SETUP 3

SETUP 4

SETUF 5

SETUP @

Figure 2. Different model setups used in the model tests

Numbers of model tests were performed in order to reach those goals or a total of 70 tests

with 6 different model setups (Figure 2). To follow the influence of different model setups

and different berm heights on the behaviour of the structure the following measures were

used:

® Visual observation with the help of a camera that was use to take photos regularly

during the tests (500, 1000, 2000 and 3000 waves) and a video camera.

e Recession measurements. After each test the recession at berm level was measured.

¢ General erosion measurements. After each test the cross section profile was measured

and from that the total erosion was evaluated.

e To follow the location of the transition of the original and the reshaped profiles after

each test, the cross section profile was used.

After analysing the test results the main conclusions were the following:

1. Class I stones on the berm are recommended to reach at least further into the berm

than the expected recession from a design storm.

2. Class I stones are recommended to reach as far down as:

hr.ir > 1.45:ADys0, Class 1

or




hp.ir> 1.85:ADys0, Class 1t
The one of the two that gives the larger hyp in each case is the recommended choice.
3. If there is more of Class I stones available after meeting the recommendations above,

(1 and 2) they should be placed on the berm.

4. Class II stones should in any case reach at least down to the transition of the original

and the expected reshaped profile, hy.
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1 Introduction

1.1 General

This document presents my M.Sc. thesis in Hydraulic Engineering at the faculty of Civil
Engineering of Delft University of Technology. This project is carried out in cooperation with

Witteveen+Bos Consulting Engineers.

Breakwaters are designed and constructed all over the world. The function of a breakwater is
to protect coastal areas from waves and currents. The most common use is to protect the
sailing path of vessels when approaching harbours. Furthermore, sometimes breakwaters

serve as protection against coastal erosion.

When it comes to designing a breakwater there are many types to choose from, constructed
with natural rock or concrete blocks or a combination of the two. In rocky areas rocks are
usually a relatively cheaper construction material than concrete blocks, thus the choice in
those areas is likely to be between different breakwaters constructed with of rocks or in some

cases a combination with concrete blocks might be interesting.

The most common type of breakwaters constructed from rocks is the so called conventional
rubble mound breakwater, Figure 1.1a), which is a stable structure consisting of a quarry run
core which is protected with one or more filter layers and larger and heavier armour layer.
This structure is usually designed as a stable structure and movement of rocks during extreme

storm events is limited.

An alternative solution is a so called berm breakwater. Berm breakwaters have basically
developed in two directions over the last couple of decades. On the one hand a dynamically
stable berm breakwaters, where reshaping is allowed, Figure 1.1b). And on the other hand a
more stable structure often referred to as the Icelandic type berm breakwater, Figure 1.1c¢).
The latter one is a multi layer berm breakwater where the stones are divided into classes
depending on their size and lined up in such a way that the largest stones are the once that are
under the greatest wave attack. This MSc thesis report focuses on the Icelandic type berm

breakwater.



a) b) c)

Figure 1.1 Example of different types of breakwaters, a) Conventional rubble mound breakwater, b)

dynamically stable berm breakwater and c) Icelandic type berm breakwater

1.2 Historical review

In 1983 a design for a berm breakwater for a tank terminal was accepted in Helguvik, Iceland,
where at that time there was an American army base. This project turned out to be a critical
point in the design of berm breakwaters. From that moment many berm breakwaters have
been designed and constructed in Iceland. The concept of dynamic berm breakwaters did
however never establish itself there, where from the beginning the development was in the
direction of a more stable structure, later known as Icelandic type berm breakwaters. Whereas
elsewhere, where berm breakwaters were designed the dynamically stable form was usually

chosen.

In the early stages of the learning curve of the Icelandic type berm breakwaters, one
breakwater failed to fulfil its expectation when it experienced a storm resulting in wave
conditions close to the design wave height. This breakwater was constructed in Bakkafjordur,
a small fishing village in the North-East of Iceland, construction was completed in 1984. The

poor quality of rocks is considered the main reasons for the failure. [Sigurdarson et al (1998)]

Figure 1.2 Sirevag berm breakwater, stock pile of stone classes I and II. Sigurdarson et al 2001



Since then many Icelandic type berm breakwaters have been constructed, mainly in Iceland
and Norway. Some of those breakwaters have experienced a storm in the order of magnitude
of the design storm without considerable damage. The best known example is the breakwater
in Sirevag, on the west coast of Norway. Where construction was completed in 2001 and
during the first winter in use it experienced a storm reaching the design wave height. The
breakwater survived the storm without considerable damage, and no repair work was needed.
Although it is unusual that a structure experiences a design storm in the first year in service it

shows the quality of the design of the Icelandic type berm breakwaters.

Figure 1.3 Inspection of the front slope of the berm of the Sirevag breakwater,

a section with Class I stones. Sigurdarson et al 2001

1.3 Benefits of the Icelandic type berm breakwater

One of the biggest advantages of the Icelandic type berm breakwater is the complete
utilization of the quarry. This makes the Icelandic breakwater economically attractive, when
there is a quarry dedicated to the project, relatively close to the construction side. The design
and construction method focuses on tailor-making the structure around the design wave
conditions, possible quarry yield, available construction equipment, transport routs and
required functions. The Icelandic method has developed in close cooperation with all parties

involved, designers, geologists, supervisors, contractors and local governments.

Another advantage over the dynamic berm breakwater is the placement of the biggest armour
stones, from the berm and down the slope. The rocks are carefully placed in such a way that

they give good interlocking between them and therefore strengthen the structure.



Compared to the dynamic berm breakwaters the total volume of armour rocks needed in the
Icelandic type is less but on the other hand larger rocks are needed. Unlike the dynamic berm
breakwaters the Icelandic type has a narrow stone gradation which results in higher
permeability, which increases the ability to absorb wave energy. There is also less movement
of stones than in the dynamic structure, abrasion and breaking of stones it thereby minimized.

This can have effects in the long run resulting in longer service life of the structure.

Compared with the conventional rubble mound breakwater on the other hand the Icelandic
type requires less volume of big stones. The reason is that the conventional breakwater is
required to be almost statically stable whereas little movement is allowed in the Icelandic type

berm breakwaters.

There is a basic difference between the Icelandic type and the other two. That is that more
time and therefore cost is spent on design and preparation, starting with the quarry yield
prediction. This has proven to be economically attractive since costs are saved in other parts

of each project as a result of good planning.

There are a few disadvantages as well compared to the other types mentioned. The Icelandic
type is slightly more complicated to construct than the dynamic berm breakwater since the
structure is not homogenous and due to the fact that part of the rocks are placed carefully but
not dumped randomly. Another disadvantage is that more time is needed for preparation
work. That includes more work for the contractors in sorting the stones, since the stones have
to be divided in about 5 different groups instead of 1-2 for “normal” projects. But as stated
before it has proven to be economical where there is a quarry relatively close to the
construction site that is dedicated to the project. If a quarry is dedicated to a project of a
dynamic berm breakwater or a conventional breakwater it can however possibly be
economically attractive, depending on the design wave height and if some other usage is
found for the part of stones that is not used in the breakwater project. That is however beyond

the scope of this M.Sc. thesis project.



1.4 Project definition

The subject of this research project concerns the stability of so called Icelandic type berm
breakwaters. An Icelandic type berm breakwater is a multilayer berm breakwater, where the
stones are divided into classes depending on their size. Researches until now on the Icelandic
type berm breakwater have been focused on various aspects on, or closely related to, the
subject.

e Recession (Tgrum (1998) (2000), Sigurdarson et al (2003))

e Stone breaking strength (Tgrum et al (2003))

e Ice ride-up on berm breakwaters. (Myhra (2005))

e Variety of articles on constructed breakwaters and researches as preparation in the

design process. Special attention has been on the breakwater constructed in Sirevag,

Norway.

When it comes to design methods for Icelandic type berm breakwaters, a design criterion does
exist for determining the stone size needed for the part of the breakwater that is exposed to the
biggest wave forces. For this part, where the largest stones are used the stability parameter,
Hy, is recommended to be close to 2. This stability parameter is explained in chapter 2.1.1, it
has no connection with deep water wave height and should not be confused with that

parameter. This part reaches from the berm and at least down to the design water level.

Area under
Sra consideration

Figure 1.4 Area under consideration

In the view of the above the following research goals were developed for this M.Sc. thesis:
* When looking at the part of the breakwater that is under water the design rules have
not fully developed. It is valuable to have a criterion for conditions under water, to
develop a better understanding on the structure as a whole. The main goal of this

project is therefore to develop design criterion for the location of the transition of the



different stone classes in that area. Figure 1.4 explains the part of the breakwater under
consideration. (Primary goal)

e Stones on the berm. Since the total amount of the largest stones (Class I) is usually
limited, the combination of those large stones on the berm and down the front slope of
the berm is important. This secondary goal is thereby closely related to the primary
goal of this project. (Secondary goal)

e Recession. Recession is an important subject in berm breakwater design. This subject
has been researched already to some degree, but more on structures with a
homogenous berm. Further research focused on recession on Icelandic type berm
breakwaters is recommended. The data gathered from the number of model tests in
this research can be helpful for further study on this subject. (Secondary goal)

e The behaviour of the transition of the original and the reshaped profiles as the berm
height changes as well as for different stone setups. This is also closely related to the

primary goal of the project. (Secondary goal)

To reach those goals, scale model tests were carried out in a wave flume in the Fluid
Mechanics Laboratory of the Faculty of Civil Engineering at TU Delft. The model tests are

described in chapter 3.

1.5 Outline

This introduction chapter is followed with a chapter (chapter two) of literature study. Wherein
the most important parameter considered in berm breakwater design and supervision are
considered as well as the relative wave parameters. The damage/reshape measurements used
in this research are then explained while the chapter is finalized with the current design rules

of Icelandic type berm breakwaters.

In chapter three the experimental setup is explained throughout. That includes the model setup
in the flume and an explanation of the different setups that were tested in this experiment. The
material used is analysed, the observation methods are explained as well as the equipments

related to the experiment.



The analyses takes place in chapter four where the different measures introduced in chapter
two are used to analyse the test results. Those measures are mostly related to the goals of this

M.Sc. thesis project.

Chapter five includes general discussion of the model tests. The report is then finalized with
chapter six where the conclusions of this research project are introduced and

recommendations are made for further work on the subject and related subjects.



2 Literature study of the theory

2.1 Waves

2.1.1 Wave impact

The following parameters are commonly used when considering the stability of berm

breakwaters.

When an Icelandic type berm breakwater is designed the most commonly used parameter is
the stability parameter Ns or Hp, in this report referred to as Hp This parameter is
dimensionless and gives a relation between the armour layer and the impact of the incoming

wave, equation 2.1

H @2.1)

n50

where H (m) is the significant wave height, A (-) the relative buoyant density, and Dysp (m) is

the median nominal diameter of the armour stones

A=Ps = Pw (2.2)
P,

where p; (kg/m?) is the density of the stones and p,, (kg/m?) is the density of water, and

(Mso j% (2.3)
D, =|——
pS

where M5y (kg) is the median stone mass, the mass of a theoretical block for which 50 % of

the mass of the sample is lighter.

The wave period stability number HoTy is another parameter where the effect of wave period

is added to the stability number H,

H,T, S S (2.4)



where T, (s) is the mean zero up-crossing period.

Those stability parameters, Hy and HoTy, should not be confused with the parameters used for

deep water wave height and deep water wave period. In berm breakwater design, those

parameter are widely used and generally accepted in the engineering world.

Lamberti et al (1995), Lamberti and Tomasicchio (1997) and Archetti and Lamberti (1999)

performed extensive researches to obtain detailed information on the mobility of armour

stones on berm breakwaters. The researches were based on conditions in the range of 1.5 < Hy

< 4.5. The main conclusions are summarized as follows:

e the mobility is low when 2 < Hyp < 3;

e when Hj > 3 the mobility increases very rapidly;

the stones on a berm breakwater start to move when Hy=~ 1.5 -2;

e aberm breakwater will reshape into a statically stable profile if Hy < ~2.7; and

e if Hy > ~2.7 the berm breakwater will reshape into a dynamically stable profile.

In summation, Table 2.1 shows stability criterion for the three categories of berm breakwaters

for modest wave attack = £20°.

Table 2.1 Stability criterion for modest angle of wave attack p = £20°

H, HoTo
Little movement - Satically stable non- 15-20 20-40
reshaped
Limited movement during reshaping - ) )
Satically stable reshaped 20-27 40-70
Relevant movement, reshaping -
Dynamically stable reshaped >27 >70

2.1.2 Waves on slope

The wave slope is expressed in the following equation;

H 27H

L, gT?

So

(2.5)



where, H [m] is the wave height, Ly [m] is the deep water wave length, T [s] is the wave
period and g [m/s] the acceleration of gravity. This formula represents a state in deep water,
where H is the height of a single wave. To make this parameter useful for design purpose the
incident wave is usually given as significant wave height. This parameter can be given as a
time domain analysis Hj/; or as a spectral analysis Hy,, in this report it will from this point on
be referred to as H;. For the wave period T, the zero up crossing period, T,, and wave peak

period, T}, are used and the slope is referred to as sy, and s, respectively.

To describe a wave action on a slope the dimensionless Iribarren number & (-), also known as

the surf similarity parameter, is important. The parameter is defined as:

tan o

Jo

= (2.6)

where a is the angle of the slope of the structure while sy is a representative for the wave
slope. The formula used to calculate the wave length is valid for deep water conditions, Ly,
the input in that formula in this case is however the local wave period, T, or T,. When s, and

Sop are used the surf similarity parameter becomes &, and &, respectively.

Battjes (1974) describes the different shapes of waves breaking, depending on the surf
similarity parameter. The transition between the breaker types is gradual and the values of the

transition between them are just an indication, Figure 2.1.

surging / plunging
gl e /_"7 =
= = /
£§>5 05<&<33
collapsing / spilling
== e o
33<é<5 £<05

Figure 2.1 Breaker types as a function of the surf similarity parameter
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2.2 Reshaping measurements

2.2.1 Recession

Recession is an important parameter when considering berm breakwaters, see Figure 2.2 for
explanation. Although the design of Icelandic type berm breakwaters does not really depend
on formulas for berm recession, it is an important tool in estimating the damage of the

structure.

Recession=Rec

Figure 2.2 Recession of berm breakwaters

Tgrum (1998) presented a formula for recession, Rec (m), of the berm as a function of rock

diameter Rec/Dyso (-) and hydraulic boundary conditions, Ho Ty (-).
Rec/Dyso = 0.0000027(HoTo)® + 0.000009(HTo)* + 0.11 HyTo — 0.8 2.7)

This formula has since been modified by Menze (2000), adding stone gradation and water
depth as factors in recession. The latter formula is to large extent based on test results from

multilayer berm breakwaters.

Rec/Dyso = 0.0000027(HoTo)* + 0.000009(H,To)* + 0.11 HyTy — (2.8)
(-9.9f, >+ 23.9f— 10.5) - f4
with
f, = Dygs/Dyis and
fa=-0.16 d/Dyso+ 4.0
where f, (-) represents a stone gradation factor, Dpgs, Dnis and Dysg are the nominal diameters

for 85% , 15% and 50% respectively.

The gradation factor is the parameter that takes into account the narrow gradation of Icelandic

type berm breakwaters compared to a homogeneous one. It does not, however, include

11



parameters taking into account the effect of the smaller stones, if the Class I stones do not
reach far down the slope, and are not the cause of damage. That situation is, on the other
hand, quite complicated. Another parameter that is not included is the berm height, hg (see
Figure 2.5). Other parameters such as the shape of stones and different placement methods are

among the parameters that influence the large scatter in recession formulas.

Sigurdarson et al (2007) came up with a more simple formula wherein it is assumed that the
influence of stone grading and water depth on berm recession is rather small, especially given

the large overall scatter.

Rec/Dyso = 0.037(HTo— Sc)'* (2.9)
with: Rec/D,s50 = 0 for HyTy < Sc
with: 1(Sc) = 20 and o(Sc) = 20,.

where, Sc, is the scatter in recession measurements.

2.2.2 Damage definition, Sy

The damage number Sy describes the damage using the area of erosion in the cross sections as
the basis. This damage number is a simple dimensionless parameter wherein only the eroded
area and the nominal diameter of the armour layer are included. Despite being simple it is a
very useful tool in damage estimation and, due to its simplicity, it can be applied to almost
any type of structure. Figure 2.3 further explains the formula for the stability number,

equation 2.10.

s, = 2.10)
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Figure 2.3 Explanation figure for the damage number Sy

Although this damage number was designed for a uniform stable structure where very little
reshaping is accepted, it can also be used as a tool to compare the damage between individual

tests in this research.

2.3 Design methods for uniform slope

Many research projects have been completed on the subject of stability of stones on uniform
slope, starting with a research done by Iribarren in 1938. Hudson (1953 and 1959) did a great
deal of research on this subject, resulting in a formula that is still widely used today. Between
1965 and 1970 the first wave generators that could generate irregular waves according to a
predefined wave spectrum were introduced. After that, it became possible to replicate a real
sea state more accurately than before. Many researchers performed a number of experiments
in the following years without coming up with a formula that was accepted over the formula
of Hudson. In his PhD project at TU Delft in 1988, however, Van der Meer introduced a
formula that has been generally accepted in the engineering world. In the following sections,

the methods of Hudson and Van der Meer are briefly explained.

2.3.1 Hudson

Hudson (1953, 1959) introduced the following formula based on researches based on model

tests with regular waves on non-overtopped stone structure, with permeable core,

13



3
p.8H @.11)

YK A cotar

where Kp is the stability coefficient and represents many different influences. Among those
influences is the shape of blocks, placement methods, type of wave attack, and wave period,

among others.

The original Hudson formula can be rewritten as a function of the stability number Hy.
Originally the formula was used with H = H,, but later was revised to use H = Hyj9, since
Hi/10= 1.27H; the formula written as a function of the stability parameter becomes

H (K, cota)’ (2.12)

S

AD, ., 1.27

To include the damage level parameter, Sy, in equation 2.12, Van der Meer (1998) proposed

the use of equation 2.13 as the function of the stability number Hy,

H

 =0.7(K, cotar)s $° (2.13)

n50

2.3.2 Van der Meer

Van der Meer conducted tests with relatively deep water at the toe of the structure. A large
amount of tests were performed with irregular waves on stone structures with uniform slope.
Different levels of permeability were used, resulting in the inclusion of permeability in the
formula. This research resulted in two formulas where one representing plunging breakers and
the other representing surging breakers. The transition between the two is also explained in a

formula.

For plunging breakers (E_.m < atransition):

H

0.2
S
s — 6.2P0.18( j
Al)nSO \/ﬁ

For surging breakers (&.mz E,.transition):

fn;().S (2 14)
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0.2
A, =1.0P‘°~13(ij EFJeootar (2.15)
ADnSO \/N

Where Eqansition represents the transition between the two :

! ) (2.16)

gtransitian = 6'2P0.31 v tanajFP‘*‘o‘s

Where S (-) is the damage number, explained in chapter 2.2.2, P (-) is a permeability
parameter explained in Figure 2.4, while &, is the surf similarity parameter explained in

section 2.1.2, where T, is used.

Dnspa / Dnsor = 2.0
Dnsor/ Dpsoc = 4.0

no filter
Dnsoa/ Dpsoc = 3.2 no core

Figure 2.4 Permeability coefficients, P, for various structures for the formula of Van der Meer (1988)

There are a few advantage of the Van der Meer formula over the formula represented by
Hudson. The research of Van der Meer was performed with irregular waves while the Hudson
formula is derived from regular waves. The Van der Meer formula does also includes the
duration of storm, the wave period, the permeability of structure, and has a clearly defined

damage level.
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2.4 Design methods for Icelandic type berm breakwaters

Strict rules for the main design parameters of Icelandic type berm breakwaters have not
evolved. There are, however, design guidelines that have been developed and are constantly
being reviewed. Those guidelines, as represented in Sigurdarson, et al (2007), are the

following.

Design rules:
e The upper layer of the berm consists of two layers of rock and extents on the down
slope at least to mean sea level;
e The rock size of this layer is determined by Hy= 2.0. Larger rock may be used too;
¢ Slopes below and above the berm are 1:1.5;
e The berm width is 2.5 - 3.0 Hg;
¢ The berm level is 0.65 Hs above design water level,

e The crest height is given by RC/Hs*sopl/ 3=0.35 ;

According to the Rock Manual (2007), the Class I stones should preferably reach down to the
point where the reshaped profile crosses the original profile. Where the vertical distance from
the water level down to the transition of the two profiles is referred to as hy, see Figure 2.5.
This indicates that putting the transition between Class I and Class II stones higher would

decrease the stability of the structure.

,’/ e
A A

Rec

Figure 2.5 Key parameters in berm breakwater design
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The point of transition of the original and the reshaped profile, hy, is according Tgrum, et al

(2003), defined as

Y 02" 405
D,s, D,
within the range
12.5< <25

n50
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3 Experimental setup

3.1 The Wave Flume

The scale model tests on the Icelandic type berm breakwaters were executed in a wave flume
in the Fluid Mechanics Laboratory of the Faculty of Civil Engineering at Delft University of
Technology. The flume was 42m long, 80cm wide and had a maximum height of 90cm, the

flume has a flat bottom profile. During the experiment the flume was divided into two parts,

the length of the part used in these model tests was 25m, see overview photo of the flume,

= \Wave
gauges

Figure 3.1.

ny S ‘ﬂ Sl i = i =
e | concraor [ S ——

Computer, related
to wave generator

Computer
facilities

On one end of the flume there was a wave generator which can generate regular or irregular

Figure 3.1 Overview of the wave flume

waves. The wave generator was equipped with an active reflection compensation system to
minimize wave reflection back from the wave board. The motion of the wave board
compensates with the reflected waves, preventing them from reflecting off the wave board

and back toward the model and thereby affecting the measurements.

3.2 Observation equipments

The observation equipments used in the experiments included, three wave gauges, a camera, a
video camera and profile measurement equipment. An overview of the setup of those

equipments is shown in Figure 3.2.
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MEASUREMENT EQUIPMENT

WAVE GAUGES CAMERA

Figure 3.2 Overview of the observation equipments in the wave flume

The wave data was recorded with three wave gauges that were located in front of the
breakwater, 2m from the toe. The distance between the gauges was 40.6cm and 37.2cm.
These gauges gathered data from which the wave properties could be calculated from. The
measured waves represented the situation at the toe of the structure, excluding reflected

waves.

A camera was used to capture photos at different stages of the tests. Photos were taken after
500, 1000, 2000 and 3000 waves in each test in order to follow damage development. The
camera was located 140cm from the toe of the structure and 178cm above the bottom of the
flume. The camera was located on top of a movable plate but was however always located at

the same place when photos were taken.

A video camera was also used, to follow the motion of the stones during wave attack. The
video camera was not located at a fixed point but was generally placed in such a way that it
captured the profile of the structure. A few minutes of each test was recorded with the video

camera. A view of the capture from the video camera can be seen in Figure 3.3.

19



Figure 3.3 A view from the video camera, setup SO3TM, H; = 0.12m

To measure the profile, measurement equipment was used that consisted of a narrow stick
with a flexible plate at the end. The bottom area of the plate was approximately 2.5cm x
2.5cm. Figure 3.4 shows the equipment in use. The profiles were measured at the end of each

wave series, which was after 3000 waves.

e

Figure 3.4 Equipment used for profile measurements
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3.3 Model setup

The first breakwater model setup tested was similar to the Sirevag breakwater. The main
difference, however, was that the water depth in the model was relatively deeper. Then
depending on the damage development and failure of earlier tests, the setup of the structure
was changed and a total of six setups were tested. The first five setups are explained in Figure
3.5, Table 3.1, and Table 3.2. For setup number six which was the last one, all the stones were
mixed and, that setup is therefore not included in the explanation Figure/table. The cross
sections for each test can be viewed in Figure 3.6 and also along with the reshaping

development profiles in appendix A.4.

b
o
0.766m K_‘

-
0.66m

Figure 3.5 Explanation figure of the model setup

Table 3.1 Explanation table for test setups, parameters from Figure 3.4

Class in area #
Setup a [m] b [m] ¢ [m] 1 2 3 9
1 0.300 0.093 0.209 Il Il il
0.194 0141 0.209 Il Il Il
0.300 0.093 0.125 Il Il Il
0.125 0.209 Il I il

I
I
I
s I
0.300 0.093 0.174 I Il I Il

G| | G | D

In Table 3.2 the setups are further explained. In this table, hg is the vertical distance from the
berm level to the water level, Figure 2.5, while b-hg and c-hg represent the vertical distance

from the water level to the transitions between classes.
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Table 3.2 Further explanation for test setups, parameters from Figure 3.5 and Figure 2.5

Water level 0.645m Water level 0.590m Water level 0.545m
Setup |hg[m] b-hg[m] c-hg[m] h[m]| hg[m] b-hg[m] c-hg[m] h[m] | hg[m] b-hg[m] c-hg[m] h[m]
1 0.015 0.078 0.194 0.645| 0.07 0.023 0.139 0.590 | 0.115 -0.022 0.094 0.545
2 0.015 0.136 0.194 0.645| 0.07 0.081 0.139 0.590
3 0.015 0.078 0.113 0.645| 0.07 0.023 0.058 0.590
4 0.015 - 0.194 0.645| 0.07 - 0.139 0.590
5 0.015 0.078 0.164 0.645| 0.07 0.023 0.109 0.590

SETUP | SETUP 2 SETUP 3

SETUF 4

SETUF 5 SETUP @

Figure 3.6 Overview of the different setups

For every setup, the geometry of the structure was the same. Specifically the berm width, Bg
(m), the berm height, the crest height and the slopes a, were not changed between tests. The
parameters that changed between setups were the water level and the location of different
stone classes. For most setups, two water levels, 0.645m and 0.590m, were tested. A third
level, 0.545m, was tested for the first setup only. Other relevant parameters were:

Bg=0.30m (berm width)

a = 1:1.5 for all slopes

In appendix A.1 those dimensions are given as a function of the different wave heights, H;, as

well as a function of the median nominal diameters, D, 5, of the different stone classes.

A total of thirteen setups were tested. For each setup the number of tests was based on the
moment of failure. This resulted in four to six tests for each setup or a total of 62 tests in the
wave flume. In addition to those tests, a total of eight tests for two setups were repeated.
Those tests were used to estimate the uncertainties of the tests and increased the total number

of tests to 70.
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3.3.1 Wave conditions

For each setup, tests were carried out for up to six different wave conditions, see Table 3.3.

These tests started with the lowest waves (test 1) and then continued with higher waves until

there was a complete failure of the structure. A complete failure was defined as the start of

core erosion. The wave steps were based on the stone sizes as such that the stability number,

Hy, was between 1.5 and 3.0 for Class I stones. The chosen wave conditions can be viewed in

Table 3.3.
Table 3.3 Wave series planned for the tests
Test # Hg [m] Sop Tp [s] W-S Dis0 H, H,To,
1 0.085 0.04 1.17 Jonswap
Qassl 0.032 1.50 31
Qassll 0.025 1.92 44
Qasslll 0.020 2.45 64
2 0.100 0.04 1.27 Jbnswap
Qassl 0.032 1.76 39
Qassll 0.025 2.26 57
Qasslil 0.020 2.88 82
3 0.120 0.04 1.39 Jbnswap
Qassl 0.032 2.12 51
Qassll 0.025 2.71 74
Qasslil 0.020 3.46 107
4 0.135 0.04 1.47 Jbnswap
Qassl 0.032 2.38 61
Qassli 0.025 3.05 89
Qasslll 0.020 3.89 128
5 0.155 0.04 1.58 Jbnswap
Qassl 0.032 2.73 75
Qassll 0.025 3.50 109
Qasslil 0.020 447 157
6 0.170 0.04 1.65 Jbnswap
Qassl 0.032 2.99 86
Qassli 0.025 3.84 126
Qasslll 0.020 4.90 181

For all tests the target wave steepness was chosen to be fixed at so, = 0.04.

Measured wave conditions during the model tests were not exactly the same as the target

values in Table 3.3 but were generally closed to those values. The measured values can be

viewed in Appendix A.2.
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3.3.2 Wave spectra

In order to simulate the waves in front of the breakwater as realistically as possible, irregular
waves were used for the execution of all tests. When choosing wave spectra for irregular
waves the wave flume offers two possibilities apart from making new wave spectra. These

possibilities are the Pierson-Moskowitz spectrum (1964) and the Jonswap spectrum (1973).

The Pierson-Moskowitz spectrum represents a fully developed sea and was developed by
offshore industry. It assumes deep water conditions with unlimited fetch and was developed

using North-Atlantic data.

The Jonswap spectrum on the other hand represents a sea at young state and was also
developed by offshore industry. It represents conditions with limited fetch and was developed
using North Sea data. Since the wave spectrum is hardly ever fully developed in nature, the
Jonswap spectrum is often used. In this experiment the Jonswap spectrum was used with the

peak enhancement factor, y = 3.3.

3.3.3 Water depth

Three water depths were used in the experiments, 0.645m and 0.590m. For one test, a water
depth of 0.545m was also tested. Waves can be classified as deep water waves, intermediate

water waves and shallow water waves according to the following definitions:

h 1
— > — = deep water waves
L 2

1 | .
— < — < — = intermediate water waves
20 L 2

h 1
— < — = shallow water waves
L 20
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Table 3.4 h/L ratio for all water levels used in the experiments

H[m] T,[sl h[m] L[m] WL[]]h[m] L[m] WL[-J{h[m] L[m] WL[]
0.085 1.17 0.645 205 031 [0590 203 029 [0545 200 027
0100 1.27 0645 236 027 [0590 232 025 |[0.545 228 024
0120 139 0645 273 024 0590 267 022 |0545 262 0.2
0.135 1.47 0645 298 022 [0590 291 020 [0545 285 0.19
0.155 1.58 0.645 330 020 [0590 321 0.18 [0.545 313 0.17
0170 1.65 0.645 352 0.18 |0.590 342 0.17 | 0545 3.33 0.16

For all the test series the combination of waves and water depth represents waves in

intermediate water depth.

3.4 Material

3.4.1 Shape of stones

Small stones, like the ones used for model tests, have a tendency to have a different shape
than the big rocks used for the armour layer of a breakwater. Therefore, the stones for the
model test have to be carefully chosen. Shape is particularly important for the Class I stones,
that are carefully placed, since it can significantly affect the armour layer stability. There are a
few useful measures concerning the shape of stones, including the length-to-thickness ratio
(LT), blockiness (BLc), roundness and angularity. In this study, the length-to thickness ratio
was measured and used as a criterion for armour stone selection of the model. The other
aspects were kept in mind when choosing the stones but not applied directly. This is
especially important when choosing the Class I stones since interlocking between them is an
important factor in the design of the breakwater and is very dependent on the shape of the

stones.

Length-to-thickness ratio (LT)
Length-to thickness ratio, LT (-), is defined as the maximum length, 1 (m), divided by the
minimum distance, d (m), between parallel lines through which the particle would just pass,

as is explained in Figure 3.7.
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Figure 3.7 Illustration of the measurements of the LT ratio

For heavy armour stones in cover layers, the number of stones with LT ratio greater than 3:1
is recommended to be lower than 5%. While for light armour stones in cover layer, the same
ratio is recommended to be lower than 20%.

[CUR/CIRIA (2007)]

A sample of stones from each class was chosen randomly and the LT ratio measured, the

results are the following:

Class I stones with LT ratio > 2:1 = 30%
Class I stones with LT ratio > 3:1 = 0%

The average LT ratio of Class I stones is: 1:1.9

Class II stones with LT ratio > 2:1 = 60%
Class II stones with LT ratio > 3:1 =3%
The average LT ratio of Class II stones is: 1:2.1

Class III stones with LT ratio > 2:1 = 50%
Class III stones with LT ratio > 3:1 = 0%
The average LT ratio of Class III stones is: 1:2.2

For all stone classes the samples meet the recommendations for heavy armour stones. The

stones are therefore considered a good representative for armour rocks in a real project.

3.4.2 Characteristic of stones

The density of the armour stones (Class I, Class II and Class III) is ps = 2770 [kg/m3] while

the density of the core material is ps = 2620 [kg/m3]. The nominal diameter, D,xx for different
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percentages, XX, is widely used to estimate various aspects, including stability and filter
requirements. The XX is replaced by a percentage representing a diameter of a theoretical

block for which XX% of the mass of the sample is lighter.

One of the biggest different between an Icelandic type berm breakwater and a homogeneous
berm breakwater or a conventional breakwater, concerning stones is the gradation of the
stones. Since in the Icelandic type the gradation in each stone class is narrower due to the
sorting of stones by size into different classes. The gradation is grouped depending on the

D,gs/Dpi5 ratio:

Narrow gradation if D,ss/Dnis > 1.5
Wide gradation if 1.5 <Dy85/Dn1s <2.5
Very wide gradation or quarry run if Dyss/Dnis > 2.5-5.0+

Measurements of the D,gs/Dy;5 ratio for the three stone classes as well as for the core material
fell under the category of ‘Narrow gradation’. For comparison, toward the end of the
experiment all the stones were mixed together. That resulted in homogenous armour layer
with wide gradation. The sieve curve of this experiment becomes close to represent a sieve
curve of the situation before the stones are sorted. However, since all the cross sections did
not have exactly the same amount of stones from each class and the back side of the
breakwater was also not considered, this mixed sieve curve is more helpful as a comparison of
different setups and is only an approximation for a possible quarry result. Having one sample

with wide gradation eases comparison with earlier research, for example recession.

The sieve curves and additional basic information about the material can be found in appendix

A3.

3.4.3 Law of scaling

Before a physical model test can be performed, the prototype must be scaled down to a size
which can be handled by the available test facility. Although the purpose of this research
project is not to look at a specific prototype, the breakwater in Sirevag, Norway, was used as a
semi-prototype when deciding on stone diameter and other relevant parameters. One of the

problems with scaling is that certain parameters cannot be or are difficult to scale. Those
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parameters include gravity and the characteristics of fluid. Scaling of the hypothetical
prototype is done by dividing the physical parameters or quantities of the prototype by a scale

factor:

K (3.1

where Ny is the scale factor of the physical parameter or quantity x, subscript p stands for

prototype and subscript m stands for model

¢ The Froude number is a parameter that expresses the relative influence of inertial and
gravity forces in a hydraulic flow. It is given as the square root of the ratio between

inertial and gravity forces:

The Froude number is required to be the same in the model as in the prototype

), L

(3.3)
Expressed in scale ratios
NU
—————==1or N, =1
Where
U - Velocity
L — Length
t - Time
g — Gravitational acceleration
o N, . . . .
Substituting N, = I into last equation gives the Froude time scale
t
N
Nt = N—L (35)
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For practical purpose gravity is not scaled, thus N, = 1. The Froude time scale is thereby

simplified to

N, :\/N_L (3.6)

The majority of hydraulic models in coastal engineering are scaled according to the Froude
criterion. Consequently, this is usually the most important criterion to be studied when
designing a coastal scale model. Since in this experiment the most important parameter is the
wave attack, the Froude criterion will be used.

[Hughes, 1995]
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4 Analysis
For analysis of this research, the profile measurements from the tests in the flume were used
along with photos and videos recorded during the tests. Visual observations during the tests

are also influential in the analysis. In appendix A.4, the profile developments of the tests can

be followed.

4.1 Damage development

Test results showed that the start of damage and the damage development changes for
different test setups. In this section the damage development and the failure mechanisms for

each test are briefly explained.

SETUP | SETUP 2 SETUP 3

Figure 4.1 Overview of the different setups

4.1.1 Setup 1

Water level 0.545m

Setup 1 was the only setup where water level 0.545 was used. The water level was located
below the transition of Class I and Class II. The water level was also closer to the transition of
Class II and Class III than in the other setups, apart from setup 3.

Start of damage: The damage starts clearly in the part where the Class II stones are located,
where stones start moving with relatively small wave height. The reshaping that had already
taken place after the first wave set (Hs = 0.085m) is not acceptable for a stable structure.
Failure mechanism: The cause of the early failure of this setup is the low location of the
water level. The low location both minimized the effects of the berm in energy dissipation,
and caused the smaller stones to be located closer to the water level and therefore under
greater wave attack. Although the water level is lower than in the other tests, the Class III

stones were located deep enough not to be a part of the failure process.
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Water level 0.590m

Start of damage: The structure is stable and without significant reshaping for the first two
wave sets. Lack of stability and sliding in Class II stones causes the start of severe movement
of Class I stones during the third wave set.

Failure mechanism: The relatively close position of Class II stones to the water level
influences the failure process from the third wave set, until there was a complete failure of the

structure.

Water level 0.645m

Class I and Class II stones started moving at similar time. The real reshaping started in Class
I, then the Class II stones started to give in as well and accelerate the damage process. The
lower parts were the Class II stones were located would therefore have been stronger if the
Class I stones had reached further down.

Start of damage: The Class I stones roll down due to the wave attack on the edge of the
berm. No influence on the Class II stones early on in the process. The behaviour is similar to
when the structure had a homogenous armour layer.

Failure mechanism: The Class II stones possibly play some part in the failure process at

latter stages.

4.1.2 Setup 2

Water level 0.590m
Start of damage: In Class I stones.
Failure mechanism: In this setup the failure mechanism is similar to if the structure had a

homogeneous armour layer. Specifically, all the real damage takes place in the Class I stones.

Water level 0.645m

When the recession reached the transition of Class I and Class II stones on the berm, it
increased. Apart from that it is similar to setup 1.

Start of damage: In Class I stones.

Failure mechanism: In this setup the failure mechanism is similar to if the structure had a

homogeneous armour layer. Specifically, all the real damage takes place in the Class I stones.
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4.1.3 Setup 3

Water level 0.590m:

In this setup, the Class III stones are located closer to the water level than for the other setups.
The reason for this is to better understand the ideal location for the transition of Class II and
Class III stones.

Start of damage: The damage clearly starts in the location of the Class III stones, where
stones start moving with relatively small wave height. The reshaping that had already taken
place after the first wave set (H; = 0.085m) is not acceptable for a stable structure.

Failure mechanism: The cause of the early failure of this setup is the low location of the
transition of Class II and Class III stones. The failure mechanism is the same as for setup 1
with water level 0.545m. The only difference in this case is that the Class III stones are the

main cause of this behaviour.

Water level 0.645m: The failure process is similar to the setup 1, which indicates that the
location of Class III stones is low enough not to affect the failure process.

Start of damage: In Class I stones.

Failure mechanism: It is possible that the Class II stones and even Class III stones play some

part in the failure process at latter stages.

4.1.4 Setup 4

Water level 0.590m

Setup 4 shows exactly the same damage development as setup 2 for this water level.

Start of damage: In Class I stones.

Failure mechanism: In this setup the failure mechanism is similar to if the structure had a

homogeneous armour layer. Specifically, all the real damage takes place in the Class I stones.

Water level 0.645m

When the recession reached the transition of Class I and Class II stones on the berm, it
increased. Apart from that, this setup behaves similar to setup 1. For this setup this influence
is clearer than for setup 2 with the same water level because the transition is closer to the edge
of the berm.

Start of damage: In Class I stones.
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Failure mechanism: In this setup the failure mechanism is similar to the structure had a

homogeneous armour layer. Specifically, all the real damage takes place in the Class I stones.

4.1.5 Setup 5

Water level 0.590m

In this setup, the Class II stones are put as the top layer and the Class I stones below them.
This is the exact opposite of setup 1 when concerning those two classes.

Start of damage: In Class II stones that are located on the berm. The recession on the edge of
the berm early on in the process is more than in previous setups.

Failure mechanism: The failure process starts earlier then for setups 1, 2 and 4 but slows
down because of the location of Class I stones lower on the berm. In the end, the duration is

similar to those setups. The damage develops step by step throughout all the wave series.

Water level 0.645m

The recession of the berm starts earlier than in most of the other setups. However, the
existence of the thick layer of Class I stones below slows that process down. Towards the end
the recession is becomes less than for setup 2 and 4, but slightly more than in setup 1. This
shows that having the Class I stones in this position, influences the recession development in
a positive way, at the latter stages.

Start of damage: In Class II stones that are located on the berm. The recession on the edge of
the berm at the early stage of the process is more than before.

Failure mechanism: Damage starts from the edge of the berm as expected with the Class II

stones located there. The damage develops step by step throughout all the wave series.

4.1.6 Setup 6

The armour layer in setup 6 is homogeneous, where the failure mechanism is as expected for
such a structure. The reason for this setup is, however, to compare the damage level with the

other setups in order to assess the benefits of sorting stones into classes.
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4.1.7 Compilation

Berm height

Comparing the water level 0.590m in setup 1 to the water level 0.645m in setup 2, where the
depth down to the transition of Class I and Class II is similar, it can be concluded that the
Class II stones are more affected when the water level is lower on the berm. This shows that,
for the different water levels 0.590m and 0.645m there is a basic difference. There is more
energy dissipated when the water level is closer to the berm. Therefore, the effects do not
reach as deep when the water level is close to the berm. This can be seen in the damage
figures where the transitions between Class I and Class II stones are at similar depth. While
on the other hand, when the water level is high, there is more movement of stones up the

berm.

On berm
From setups 1, 2 and 4, the effect of the transition \ /
[

between Class I and Class II stones on the berm

can be seen. As soon as the recession reaches this

point of transition (in setup 2 and 4), the [l

recession increases quickly almost to the end of |[ 1]

the berm. While in setup 1, where there were Class I stones on the whole berm the
recession stabilized earlier. However, when Class I and Class II stones were switched in setup
5, it did not have the same effect. The conclusion of that is that by putting a thicker layer of
Class I stones lower on the berm, although the recession on the berm starts faster (due to the

Class II stones on the berm), it slows down the recession development at the later stages.

On slope

The point of transition between Class I and Class II
stones on the berm does not seem to affect what \ /

happens on the slope of the berm. The location of the |-

transitions between classes on the slope is therefore I

the only parameter that is looked at concerning this. [11

For each of those transitions there is an optimum
level, to locate this optimum level both for transition of Class I and Class II stones and the

transition of Class II and Class III is the primary goal of this research project.
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4.2 Recession

Recession of the berm is an important part of the Recession=Rec
damage process. In this chapter, the test results - | | <+
will first be compared to existing recession

formulas. Then, the test results for different setups

will be analysed. In order to ease comparison of

different tests, the stone parameters from the

sample when the stones were mixed together was used. This provides a good ground for
comparison since the mixed sample represents the same material before being sorted into

classes. In appendix A.5, a variety of recession graphs are shown.

4.2.1 Comparison with recession formulas

In Figure 4.2 and Figure 4.3, the results of recession measurements are compared with two
formulas, the modified formula of Tgrum (2.8) and formula 2.9. For the test results points in
the first graph (Figure 4.2), the stone parameters of the Class I stones are used when
comparing setups 1-5 with existing formulas. For the second graph (Figure 4.3) the stone

parameters of the mixed stone sample were used when comparing setup 6 to existing

formulas.
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Figure 4.2 Recession, comparison of test results with recession formulas, setups 1-5, Class I stones used as

reference.
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Recession - data compared with other researches, setup 6, mixes stone sample
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Figure 4.3 Recession, comparison of test results with recession formulas, setups 1-5, Class I stones used as

reference.

As can be seen from Figure 4.3, the results for the mixed stones fit reasonably well with the
formula of Tgrum (2.8). However when looking at Figure 4.2, the comparison of setups 1-5
with the formula of Tgrum, with stone parameters from Class I, the results do not fit well. The
test results give more recession than the formula predicts, some of the following factors might
be the cause of that.
e The narrow stone gradation; the recession might not be as sensitive to stone gradation
as formula 2.8 indicates.
e The placement method; what placement methods were used when the formulas were
derived, is unknown.
o The effect of the berm level; the berm level is not included in the formulas but has
effects on the recession.
e The influence of the different location of the transition of stone classes; for some of
the tests the Class I stones are not the only stones involved in the recession

development.

Formula 2.9 however is not sensitive to the gradation of stones as compared to the formula of

Tgrum (2.8). For formula 2.9, the majority of the tests are within the limitation of one
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standard deviation from the mean values. The general test results show that the average
recession from the tests is a little higher than the mean value. The reasons for this might be

the same as some of the ones mentioned above.

The results from this research indicate that the influence of stone gradation is overrated in
formula 2.8. The only setup that gave results that fit reasonably well to this formula was the
setup with a homogenous berm. This indicates that the formula is possibly not valid for the

narrow gradations used in other tests.

4.2.2 Influence of berm height on recession

For comparison figures of the recession with different berm height for each setup, appendix
A.5.2 can be viewed. Figure 4.4 shows, however, recession for setup 4 with different water
levels and thereby different berm heights. In the figure, SO4TH stands for setup 4 with high
water level (0.645m), while the others are for the medium water level of the three that were

used in the research (0.590m).
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Figure 4.4 Recession, comparison of different water levels, setup 4

The general results show that the recession on the edge of the berm is usually more with a
higher water level. That is as expected, since wave attack is more intense on the berm when

the water level is closer to the berm. Setup 3 this turned out differently because the damage
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process started early, since the water level was lower and thereby the distance down to the
Class III stones was shorter. Then, as mentioned before the failure mechanism is different and
the leading cause of recession is not the attack on the edge of the berm but the attack on the

smaller stones located further down the slope.

4.2.3 Influence of stones on berm, on berm recession

The effect of the stones that were placed on the

berm and the location of the transition of the \ /
[

stone classes on the berm are briefly discussed

here.

Both for setup 2 and setup 4 for high water level |[ 1]

(0.645m) where the Class I stones do not reach all the way to the end of the berm, this
research shows that when the recession reaches the transition of Class I and Class II stones the
recession increases. This is especially notable for setup 4, where this transition is closer to the
berm than in setup 2, therein setup 4, the recession increases almost to the end of the berm
soon after it reaches this transition which is located 4D,s59 from the edge of the berm. For
setup 2, on the other hand, the recession does not reach this transition until the last wave
series, where the total damage of the structure is already close to failure. It can be concluded
that this transition should reach at least long enough into the berm, that the expected total
recession does wound not reach that point, because then the runs the risk of rapid increasing

of recession.

4.2.4 Influence of stones on the front slope, on berm recession

The stones on the berm are usually the ones that

cause the start of recession, although in some
cases it might be small. There are always a few \ /(

stones on the slope that role down early in the

process. In case of the weaker structures, that is I

structures where the transition between Class I [11

and Class II stones is relatively close to the
water level, erosion in the part with Class II stones causes a large part of the stones above to
roll down. This causes a quick increase in the recession of the berm. This recession only

occurs when the larger stones do not reach far enough down the berm. This behaviour is not

38



attractive for such a structure because it causes too much damage relatively early on in the

process, when the structure should still be stable.

4.2.5 Comparison of setups

In Figure 4.5 and Figure 4.6, the different recession development for the different setups,
water levels 0.590 and 0.645 respectively, is compared. It should be noted that for the last
values of each setup, where the HyT value is the highest, the test series was not completed for
all the tests. The number of waves in the last measurements was therefore different for the last
point and was never 3000 waves like for the other points. In chapter 4.4 the duration until the

failure of each setup is explained.
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Figure 4.5 Recession, comparison of different setups, water level 0.590m
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Figure 4.6 Recession, comparison of different setups, water level 0.645m
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4.3 Damage number S,

The damage number Sy is, as explained before (in chapter 2.2.2), a good tool to compare total
damage of different setups. This measure is, however, not as useful when comparing with
different structures such as conventional two layered breakwaters, where much less reshaping

is accepted and the Sq4 value therefore lower.

For comparison, the damage number is calculated by using the nominal diameter, Dys9, from
the sample of mixed stones. This is done for ease of comparison of different setups, while at
the same time create a dimensionless parameter to work with that represents the damage

development. In appendix A.6, a variety of damage development graphs are shown.

4.3.1 Influence of berm height on the damage number

In appendix A.6.1, the graphs from all setups, where the different effect of berm height on the
total damage/erosion is explained. From the results of setup 2, Figure 4.7, it can be seen that
the total amount of damage/erosion is more as the water level becomes lower. This turned out

to be the case for all setups, within the limitations of the three water levels tested.

Damage number - setup 2
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Figure 4.7 Damage number, comparison of different water levels for setup 2

This difference is significant for all setups, there can be a few explanations for that.

41



As the water level is changed, the distance from the water level down to the
transition of different stone classes changes as well. Therefore, for many of the
tests, this can explain more erosion as the distance down to the smaller stones is
less. This does, however, not explain why the same behaviour occurs with other
setups as well, both for setup 5 where Class I and Class II are switched and for the
mixed stones, setup 6.

More energy dissipation due to the berm occurs when the water level is closer to
the berm level. There is more overtopping and attack on stones located further up
the berm. Individual stones are even, in some cases, moved far up the berm.

With the water level closer to the berm the breakwater is closer to its natural
reshaped profile. Therefore less reshaping and, consequently, less erosion is

required to reach a stable reshaped profile.

4.3.2 Comparison of setups

In Figure 4.8 and Figure 4.9, the different erosion development for the different setups is

compared for the different water levels of 0.590m and 0.645m. It should be noted that for the

last values of each setup, where the HoTy value is the highest, the test series was not

completed for all the tests. Consequently, the number of waves in the last measurements was

different between setups and never 3000 waves like for the other points. In chapter 4.4, the

duration until failure of each setup is explained.
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Figure 4.8 Damage number, comparison of different setups with water level 0.590m
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Figure 4.9 Damage number, comparison of different setups with water level 0.645m

For both water levels (0.590m and 0.645m), as expected, the most damage occurred for the
matching wave period stability number in setups 3 and 6. Setup 5 also had high level of

erosion when the water level was at 0.645m.

When looking into the situation where the water level is 0.590m, setups 1, 2 and 4 shows the
least damage for the matching wave period stability number. Setup 5 for this water level
caused more damage throughout the tests but the difference decreases with higher wave

stability number, HyT).

Where the water level is at 0.645m, setups 2 and 4 show the best results. Setup 1 shows
similar total erosion development for the first four wave sets but then the damage increases in
the fifth wave set. The reason for this can possibly be traced to the fact that the distance down
to the transition of Class I and Class II stones is shorter for that setup than the other two and,

as a result, it starts to affect the damage development severely when the waves get higher.
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4.4 Duration until failure/core erosion

The point of failure was defined as the point where core erosion started. For each test this
point of failure was noted. In most cases the test was also stopped around that moment but in
some cases later. The last points in the concerning recession and general erosion do therefore
not always represent the situation after 3000 waves. In the following tables, the duration until
core erosion for each test can be viewed. The planned wave properties for each wave series
can be viewed in Table 3.3, while the measured wave properties in each test can be viewed in

appendix A.2.

Table 4.1 Duration of tests, water level 0.545m

Wave series #
1 2 3 4 5 6
SO01TL

Table 4.2 Duration of tests, water level 0.590m

Wave series #
1 2 3 4 5 6
SO01TM
S02TM_rep
S03TM
S04TM_rep
S05TM
S06TM

Table 4.3 Duration of tests, water level 0.645m

Wave series #

1 2 3 4 5 6

SO01TH
S02TH
S03TH
S04TH
S05TH
S06TH

Generally the duration of tests until failure, turned out to be longer with the water level close
to the berm than with lower water levels. For water level 0.590m, there is not much difference
in the duration between setups 1, 2, 4 and 5. While for the higher water level, 0.645m, setups

2 and 4 were the ones with the longest duration.
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4.5 Transition of original and reshaped profile, h¢

Expected values for the distance from the water level
down to the point of transition of the original and the
reshaped profile are expressed in Tables 4.4 and 4.5.
Where in Table 4.4 the D,s50 from Class I stones are
used while in Table 4.5 the Dyso from the sample of

mixed stone is used.
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Table 4.4 Expected transition points of original and reshaped profiles, Class I

L M
h 0.545 0.59
Dhso 0.0320  0.0320
h/Dyso 17.0 18.4
hy/Dyso 3.91 4.19
hy 0.125 0.134
hg 0.115 0.07
hg/Dyso 3.59 2.19

H
0.645
0.0320
20.2
4.53
0.145
0.015
0.47

L M
h 0.545 0.59
Dhso 0.0257  0.0257
h/D,s0 21.2 23.0
hy/Dnso 4.74 5.09
hy 0.122 0.131
hg 0.115 0.07
hg/Dyso 4.47 2.72

H
0.645
0.0257
25.1
5.52
0.142
0.015
0.58

As can be seen from the

Table 4.5 Expected transition points of original and reshaped profiles, mixed stone sample

tables, the distance from the water level to the expected point of

transition of the profiles does not differ greatly whether Dysg is used for Class I stones or for

stones of the mixed sample. The difference is well within the uncertainties of the tests,

because in relatively deep water, the influence of D, is less and the difference of Dyso of the

two samples is rather small. For setups 1-5, the Dyso from Class I stones are used as a measure

of the relative parameters (h¢/Dys0, hg/Dpso and h/Dysp), while for setup 6 the D,so from the

sample of mixed stones was used. It should be noted that Tables 4.4 and 4.5 includes the

values for hg/D,so which is the distance from the berm down to water level as a function of

stone diameter. This parameter is the most likely one, apart from the once included in formula

2.17, to have influence on h¢D,s0.
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4.5.1 Interpretation of test results

The results of the measurements are explained in graphs in appendix A.7. First, the graphs
compare different berm levels, hg/Dyso, in Figures A.44 — A.47, then compare the different

setups with the berm level fixed in Figures 4.10, A.48 and A.49.
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Figure 4.10 Transition of original and reshaped profile, hf, water level 0.590m

The results of the measurements were derived from those graphs and are the following:

For Class I stones:

hp/Dpso = 3.59 and h/Dys0 = 17.0 — h¢/Dyso = 6.0 (only one sample with water level, 0.545m)
hg/Duso = 2.19 and h/Dy50 = 18.4 — h¢/Dyso = 5.1 - 5.6 (water level 0.590m)

hg/Dyso = 0.47 and h/D, 50 = 20.2 — hg/Dys59 = 4.0 - 4.5 (water level 0.645m)

For stones from mixed sample (only one measurement for each):
hg/Dyso = 2.72 and h/Dy59 = 23.0 — h¢/Dyso = 7.3 (water level 0.590m)

hg/Dyso = 0.58 and h/Dys59 = 25.1 — h¢/Dysg = 5.7 (water level 0.645m)

The results show that the value of hy/D,so gets larger as the berm height, hg/D,s0, gets larger.

That means that as the water level is lower on the berm, the point of transition gets not only
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lower compared to the berm but also compared to the water level. The influence of hg/Dys is
opposite to, and for these water depths, larger than the influence of water depth, h/Dyso. This
proved to be the case for every setup, which shows an influence of berm height, hg/Dyso, on
h¢/Dpso. The influence can be explained by the fact that the lower the water level was

compared to the berm. This results in larger forces acting lower on the structure.

With the water level relatively close to the berm, hg/Dys relatively low, formula 2.17 gives
results close to the ones measured in the tests. However when that distance, hg/D,s50, increases
the test results give higher values compared to the formula. This suggests that to make the
formula valid for situations where the water level is lower on the berm, the inclusion of berm

height, hg/D,s0, would be needed.

An addition of 0.6hg/Dyso to formula 2.17 gives a formula that better fits the results of the
experiment, both for the different berm heights. That is, with water level at 0.645m, 0.590m
and for the only test that was performed with the water level at 0.545m. It also fits reasonably
well for the different stone diameters, that is both where Class I was used and where the

mixed sample was used.

h
— =02 +0.6—2-+0.5 4.1)
D,s, D, s, D,s
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4.6 Uncertainties

In this section the uncertainties of the experiment are discussed. The results are discussed in
terms of results of the tests that were repeated and possible uncertainties of the model tests

from real situation.

4.6.1 Uncertainties of tests

To realize the uncertainties of the model tests, the tests for two setups that were repeated will
be discussed. Those tests are with setup 2 and 4, in both cases for water level at 0.590m. For
setup 2, two different wave series were used, that is the wave conditions were different
between the first and the repeated tests. While for setup 4, the same tests were repeated again

since in the first test more stones were moved early on than expected.

Damage number - Setup 4, comparison of repeated tests
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Figure 4.11 Damage number, comparison of original and repeated test of setup 4, with water level 0.590m

First, the results will be reviewed from setup 4, where the same wave series were used for
both the original and the repeated tests. It has to be noted that for the original test, SO4TM, the
wave generator was not stopped at the point of core erosion, due to unavoidable disturbance
in the laboratory. This explains that, for both the recession graph, Figure A.32, and the
damage number graph, Figure 4.11 and Figure A.43, the point for that test gave more damage.
This is especially notable in the recession graph. However, the general results however both
for the recession and the damage number graphs, give results that are very similar between the

two tests, see Figure 4.11. This indicates, although it has to be kept in mind that this

48



assumption is only based on one repeated test, that the tests are reliable at least when

compared individually. Other general uncertainties are discussed in chapter 4.6.2.

For setup 2, the situation is different since in the original test, SO2TM, the wave steepness was
different than for any other test. The comparison between the original and the repeated tests
for this setup did not give as convincing results as for setup 4. When the recession was looked
at as a function of HoTy, Figure A.30, as was done for every test, there was a large and
constant difference of more than 2Rec/Dyso throughout the tests. This difference does,
however, decrease if the wave period part, Ty, is neglected, Figure A.31, and the recession is
measured as a function of Hy. For the total erosion of the structure that is measured with the
damage number, Sq, the difference is not as large. There is a notable difference in the original

graph, Figure A.41. However when looked at as a function of Hy, Figure A.42, it fits well.

4.6.2 General uncertainties

One of the most important aspect when an Icelandic type berm breakwater is constructed is
the placement of the Class I stones on top of the berm and down to the water level. In reality
the stones are carefully placed one by one, in such a way that they give good interlocking
between them. This part is difficult to replicate in a model test. In this research the stones
were placed in a more stable way than just random dumping but most likely in a less stable

way than in a full size project.

The flume is rather narrow, 90cm (28D,5¢ for Class I stones), and therefore it does not offer
the possibility of measuring many cross sections at different locations. There are also clear
effects from the sides of the flume that reach 10-15cm into the structure from each side. The
active width of the flume in this experiment was therefore 60-70cm. The profiles were
measured at the middle of the structure, with measurement equipment as is explained in
chapter 3.2 and with Figure 3.4. It would have been preferable to have some kind of scanning
equipment to measure the whole area and then afterwards the parts that are affected by the

sides of the flume and other abnormal behaviour could be excluded.
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S Discussion of model tests

In order to get the desired wave heights in the flume the water level was deeper than
originally planned. With the deep water condition, the biggest waves do not break like they
would in some cases due to the water depth in front of the structure. That means that almost
all the big waves hit the structure in the model, only the very biggest waves broke, but in most
cases where a breakwater is constructed the waves would break when they are relatively
smaller. The big waves are the ones that make the most damage and the top waves are not cut

off as in situations where they break due to water depth.

In the tests all waves were perpendicular to the structure, longshore transport is therefore not
taken into consideration in the research. When waves approach the structure at an angle the
stones do, however, not only move up and down in the same cross section but some stones are
also moved along the structure. This can affect the stability of the structure, but this is not
considered to be a problem for a rather stable structure such as the Icelandic type berm

breakwater, and will not be further discussed in this report.

Stone breaking strength is another factor that is not considered in this research. For the stable
Icelandic type berm breakwater there is generally not much movement of stones, except in the
largest storms. The stone breaking strength is therefore not as big an issue as when dynamic
berm breakwaters are considered. The quality of stones can however not be neglected, when

working with lower quality stones it is better to be more strict on the stability criteria.

Another idea would be to design some kind of a mix between the Icelandic type and the
dynamic type berm breakwaters. Where the structure would be allowed to reshape like a
dynamic berm breakwater but it would, however, be multi layered. I would reshape in such a
way that less amount of Class I stones would be lost in the process. For that kind of a
structure, which might be able to withstand bigger waves than the others, the stone breaking

strength would become more important.

When a breakwater is designed, it is usually at locations where tidal influences occur. The
magnitude of those tidal influences is, however, different for different locations. The fact that
the Icelandic type berm breakwater has smaller stones lower on the berm makes it a bit

sensitive when there is a large tidal difference. It is therefore important to look into both the
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largest expected storms with a high water level and with a low water level. Although the
largest expected storms are likely to be smaller with a low water level, due to breakage of
wave as a result of water depth, it has to be kept in mind that with the water level lower on the

structure it takes smaller waves to cause damage.

When the water level was close to the berm there were some stones that moved up the berm.A
little movement up the berm is not a problem, if however there are stones that move over the
berm that might cause damage on vessels located on the other side of the structure. This

should not be a problem, but it needs to be considered.

5.1 Discussion of current design rules

The upper layer of the berm consists of two layers of rock and extents on the down slope
at least to mean sea level.

In this research the thickness of the layer on the berm consisted of two layers of Class I stones
or that thickness where other stone classes were used. Between setups the amount of Class |
stones on the berm was changed, in order to realize whether the Class I stones far up the berm

are important and to find an optimal usage of Class I stones.

The rock size of this layer is determined by Hy = 2.0. Larger rock may be used too.
Each setup was tested until failure, therefore different Hy are tested, from 1.5 to 3.0. It was not

one of this project’s goals to question this stability criterion.

Slopes below and above the berm are 1:1.5
The slope in this research was fixed at 1:1.5 and therefore this was not tested. It is known that
with a gentler slope the structure becomes stronger but on the other hand the total amount of

material increases, especially with relatively deep water.
The berm width is 2.5 - 3.0 Hg
The berm width was constant throughout this research; this design rule is therefore outside the

scope of this research.

The berm level is 0.65 Hg above design water level.
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The berm level was played with in this research where three different berm levels were tested.

The crest height is given by Rc/Hs*sop” 3=0.35
The crest height was constant throughout this research; this design rule is therefore outside the

scope of this research.

5.2 Discussion of test results

Although all tests were held out until a complete failure of the structure, it is interesting to
take a look at the situation after a design storm according to the current design rules of
Icelandic type berm breakwaters. The value of the stability number, Hy, after the third wave
series is 2.1 and that can be viewed as a design storm. This represents a storm that is a bit
larger than is suggested in the current design rules, but in the same order of magnitude. The
situation at a design storm can be read from the graphs in the analysis chapter, where HyTz is
close to 45 where Class I is used but close to 63 where the mixed sample is used, which is the

case for most comparative graphs.

5.2.1 Stones on the berm

The Class I stones on the berm are recommended to

reach at least further than the expected recession, /

during a design storm. Depending on the I |

—

availability of Class I stones in each project, the

combination of the amount of Class I stones on the

berm, on one hand, and down the slope on the other

hand, has to be decided.

5.2.2 Berm level

The results of this research indicate that it is feasible to design berm breakwaters with the
water level close to the berm level. Some relevant aspects that influence the design of a
breakwater are however not taken into account, the most relevant in this case is overtopping.
It is usually one of the design requirements to keep the overtopping limited, other measures to

limit overtopping are for example to increase the berm width, to increase the crest height or to
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add a structure at the top of the crest with the sole purpose of limiting overtopping. Decisions
whether to stick to the former method or to take any of the mentioned action would depend on
cost-benefit analysis. The results of those analyses might differ between projects and is

beyond the scope of this research.

Wave reflection from a structure is another important factor of the function of a breakwater.
To avoid wave reflection, from breakwater structures, causing a lot of unrest in the harbour
basin it is favourable to keep it reasonably low. By placing the berm level closer to the water

level the wave reflection from the structure is reduced considerably.

A downside to designing with the water level close to the berm is that there is more recession

of the edge of the berm. That makes it less attractive when designing a stable structure.

5.2.3 Transition of Class | and Class Il stones

In order to explain the recommended location of the

transition of Class I and Class II stones, a new /
) [
hy, \

parameter, is introduced. This parameter

represents the vertical distance from the water level

down to the transaction of Class I and Class II !

stones. [TI

For berm height hg/Dyso,class 1 = 2.19 (water level 0.590m):

For this water level the strength of the structure improved when the transition of Class I and
Class II was moved further down the slope, from setup 1 to setup 2. However, the same did
not occur when the transition of Class I and Class II stones was moved further down the
slope, from setup 2 to setup 4. This indicates that putting Class I stones further down than in
setup 2 (2.53- hpy/Dysociass 1) does not improve the structure significantly. It is therefore

recommended that the location of this transition should be as follows:

hiir> 2.55Dns0, Class 1 — > 1.45°ADnso, Class 1
or
hrr= 3.25Dys0, class 1 — hrm= 1.85:ADys0, Class 11

The one of the two that gives the larger hyp in each case recommended to be chosen.
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For berm height hg/Dys0,c1ass 1 = 0.47 (water level 0.645m):
For this water level the strength of the structure did not improve significantly when the
transition of Class I and Class II stones was moved further down the slope, from setup 1 to
setup 2. This indicates that by locating Class I stones further down than in setup 1 (2.44- hy
1/Dhso.class 1) does not improve the structure significantly. It is therefore recommended that the
location of this transition should be as follows:

hiii> 2.45D0s0, Class 1 — > 1.40°ADnso, class 1

or
hy1= 3.15Dns0, Class 1 — hrr= 1.80°ADnso, class 1n

The one of the two that gives the larger hyp in each case is the recommended choice.

5.2.4 Transition of Class Il and Class lll stones

In order to explain the recommended location of
the transition of Class II and Class III stones, a /{

new parameter, hpyy, 1is introduced. This

parameter represents the distance from the water

level down to the transition of Class II and Class

III stones.

Class II stones should reach at least down to the expected transition of the original and the
reshaped profile, hy. For the transition of the Class II and Class III stones it turned out to
influence the damage progress severely the only time this transition was above this level

while it did not have an effect in the other tests. It is therefore recommended that:

hym > by
The distance from the water level down to the transition of the original and the reshaped
profile, h¢, in the model tests did not turn out to be the same as for formula 2.17 when the

water level was not close to the berm level. The formula is missing a parameter representing

the berm height, hg, which turned out to be very effective in this experiment.
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For the situation where the water level is close to the berm level, hg/D,50 = 0.50, the results of
the experiment fit well with formula 2.17. However with the water level lower on the berm
this is not the case. An addition of 0.6hp/D,s to formula 2.17 gives a formula that better fits
the results of the experiment, both for the different berm heights, that is with water level at
0.645m, 0.590m and for the only test that was performed with the water level at 0.545m. It
also fits reasonably well for the different stone diameters that is both where Class I was used
and for the mixed sample as well.

h
— =02 h +0.6 iy +0.5 (6.1)

D,s, D, s, D,s,

It has to be kept in mind that the water level is relatively deep in this experiment. This
formula is not based on any tests in more shallow water where the influence of the water level
on h¢/Dysp is more. The formula is therefore not necessarily valid for that situation. It is,
however, clear that if different berm heights are to be considered, the inclusion of the berm

height parameter, hg/Dys0, is needed.
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6 Conclusions and suggestions for further work

6.1 Conclusions

The conclusions of this M.Sc. thesis project are derived from a limited number of model tests
of Icelandic type berm breakwaters. The results should therefore be approached with care and

further research is recommended on the subject.

The conclusions are based on the different aspects discussed in chapter four and chapter five.
That is recession and total erosion of different tests, as well as general interpretation of the

reshaping profiles and visual observations.

6.1.1 Suggested additions to current design rules

The following is suggested as an addition to the current design rules, based on some of the
current design rules being unchanged. Most importantly that the slope should be kept at 1:1.5
and the size of the largest stones should be determined by Hy = 2.0. These are four steps that
should give guidance of how to allocate the stones depending on the availability of different

stone classes in each case.

1. Class I stones on the berm are recommended to reach at least further into the berm
than the expected recession from a design storm.
2. Class I stones are recommended to reach as far down as:
hr.ir > 1.45:ADys0, Class 1
or
hy.nr=> 1.85:ADpso, Class 11
The one of the two that gives the larger hyy in each case are recommended to be
chosen. The strength of the structure did not seem to improve when the Class I stones
reached further down the berm.
3. If there is more of Class I stones available after meeting the recommendations above,
(1 and 2) they should be placed further into the berm.
4. Class II stones should in any case reach at least down to the transition of the original
and the expected reshaped profile, h;. In the only setup that it was not the case it
weakened the structure significantly while in the other setups it did not have any effect

on the damage development.
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6.2 Suggested further research

There are still a few aspects of the Icelandic type berm breakwaters, like for most coastal
structures, that would gain from being further researched. During the work on this M.Sc.
thesis project some ideas for topics that would be interesting to further investigate, came to

light.

1. One of the important factors of the design of an Icelandic type berm breakwater is the
careful placement of the largest stones. This part turned out to be a bit difficult to
imitate since in reality the stones are carefully placed one by one. To have some kind
of a method to imitate the situation in a relatively easy way would be helpful. It should
be noted that this is a delicate subject and it is important also not to overdue the

interlocking between the stones.

2. Similar research as the one executed in this project. But use the results from the model
tests from this project to choose appropriate wave heights with the goal of approaching
more accurately the critical points in the failure process. Using more accurate cross
section measurements would also be helpful. To be able to measure the cross sections
at different location along the structure as well as measuring the cross sections more
often, for example for every 500 waves. That would also open the possibility of
investigating the influence of storm duration of the damage development as has proven

to be an important factor for conventional breakwaters, van der Meer (1988).

3. To combine the benefits of on one hand, the Icelandic type berm breakwater and on
the other hand, a dynamic berm breakwater would be an interesting subject. The idea
is that the structure would be like the Icelandic type, multi layered, but as for the
dynamic type it would be allowed to reshape. The setup should preferably be done in a
manner that makes the structure stronger after the main reshaping and where most of
the Class I stones will still be in the upper part. For the current setup of the Icelandic
type there are always some Class I stones that are lost (roll down the slope) early in
the process. Test setup number 5 in this research, where Class I and Class II stones

switched places, might be a possible starting point for such research.
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4.

6.

To use the data gathered in this research to further develop the understanding of the
Icelandic type berm breakwater. That might be on the subject of recession where the
data gathered in this research might be compared with data from other research studies
on that subject, and possibly a new formula might be developed where the scatter

would be lower.

The influence of wave period or the wave steepness is another issue that was not
investigated in this research since the target wave steepness was the same throughout
the research. The results from the only test where accidentally different wave
steepness was used, indicates that it would be interesting to look further into that
subject. Research focusing on the wave steepness as well as the influence of storm

duration might be an interesting combination.

The influence of overtopping and different measures to decrease overtopping when the
water level is kept close to the berm level. It might also be interesting to measure the
difference in overtopping with different berm height while the crest height remains
constant. Such research might include playing with the berm width, the crest height or

by including of some structure with the purpose of decreasing overtopping.
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A Appendices

A.1 Model setup, key parameters expressed dimensionless

In this section the parameters expressed in chapter 3.3, as a function of first the different wave

heights used in the tests and then the different median nominal diameters, Dys, of the three

different stone classes.

A.1.1 Key parameters expressed as a function of wave height

Table A.1 Key parameters expressed as a function of wave height 0.085m

Hs[m]= 0.085 |
Water level 0.645m Water level 0.590m Water level 0.545m
Setup | hg/H, (b-hgyH, (c-hg)H, hH, | hgH,  (b-hg)H, (c-hg)H, hiH, | hg/H, (b-hg)H, (c-hg)H, h/H, | Bg/H,
1 0.18 0.92 2.28 759 | 0.82 0.27 1.64 6.94 | 1.35 -0.26 1.1 6.41 | 3.53
2 0.18 1.60 2.28 759 | 0.82 0.95 1.64 6.94
3 0.18 0.92 1.33 759 | 0.82 0.27 0.68 6.94
4 0.18 - 2.28 759 | 0.82 - 1.64 6.94
5 0.18 0.92 1.93 759 | 0.82 0.27 1.28 6.94
Table A.2 Key parameters expressed as a function of wave height 0.100m
Hs[m]= 0.100 |
Water level 0.645m Water level 0.590m Water level 0.545m
Setup | hg/H, (b-hgyH, (c-hg)H, hH, | hgH,  (b-hg)H, (c-hg)H, h/H, | hg/H, (b-hg)H, (c-hg)H, h/H, | Bg/H,
1 0.15 0.78 1.94 6.45 | 0.70 0.23 1.39 590 | 1.15 -0.22 0.94 5.45 | 3.00
2 0.15 1.36 1.94 6.45 [ 0.70 0.81 1.39 5.90
3 0.15 0.78 1.13 6.45 [ 0.70 0.23 0.58 5.90
4 0.15 - 1.94 6.45 | 0.70 - 1.39 5.90
5 0.15 0.78 1.64 6.45 | 0.70 0.23 1.09 5.90
Table A.3 Key parameters expressed as a function of wave height 0.120m
Hs[m]= 0.120 |
Water level 0.645m Water level 0.590m Water level 0.545m
Setup | hg/H, (b-hgyH, (c-hg)H, hH, | hgH,  (b-hg)H, (c-hg)H, hiH, | hg/H,  (b-hg)H, (c-hg)H, h/H, | Bg/H,
1 0.13 0.65 1.62 538 | 0.58 0.19 1.16 492 | 096 -0.18 078 454 | 250
2 0.13 1.13 1.62 5.38 | 0.58 0.67 1.16 4.92
3 0.13 0.65 0.94 5.38 | 0.58 0.19 0.48 4.92
4 0.13 - 1.62 538 | 0.58 - 1.16 4.92
5 0.13 0.65 1.37 5.38 | 0.58 0.19 0.91 4.92
Table A.4 Key parameters expressed as a function of wave height 0.135m
Hs[m]= 0.135 |
Water level 0.645m Water level 0.590m Water level 0.545m
Setup | hg/H, (b-hgyH, (c-hg)H, hH, | hgH,  (b-hg)H, (c-hg)H, hiH, | hg/H,  (b-hg)H, (c-hg)H, h/H, | Bg/H,
1 0.1 0.58 1.44 478 | 0.52 0.17 1.03 437 | 085 -0.16 070  4.04 | 222
2 0.11 1.01 1.44 478 | 052 0.60 1.03 4.37
3 0.11 0.58 0.84 478 | 052 0.17 0.43 4.37
4 0.11 - 1.44 478 | 0.52 - 1.03 4.37
5 0.11 0.58 1.21 478 | 0.52 0.17 0.81 4.37
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Table A.5 Key parameters expressed as a function of wave height 0.155m

Hs[m]= 0.155 |
Water level 0.645m Water level 0.590m Water level 0.545m
Setup | hg/Hs (b-hg)/H; (c-hg)Hs h/Hg | hg/Hg  (b-hg)Hs (c-hg)/H; h/Hg | hg/Hs  (b-hg)/Hs (c-hg)Hs h/Hg | Bg/H,
1 0.10 0.50 1.25 416 | 0.45 0.15 0.90 3.81 | 0.74 -0.14 0.61 352 | 1.94
2 0.10 0.88 1.25 416 | 045 0.52 0.90 3.81
3 0.10 0.50 0.73 416 | 045 0.15 0.37 3.81
4 0.10 - 1.25 416 | 0.45 - 0.90 3.81
5 0.10 0.50 1.06 416 | 0.45 0.15 0.70 3.81
Table A.6 Key parameters expressed as a function of wave height 0.170m
Hs[m]= 0.170 |
Water level 0.645m Water level 0.590m Water level 0.545m
Setup | hg/Hs (b-hg)/H; (c-hg)Hs h/Hg | hg/Hg  (b-hg)Hs (c-hg)/H; h/Hg | hg/Hs  (b-hg)/Hy (c-hg)Hs h/Hg | Bg/H,
1 0.09 0.46 1.14 3.79 | 0.41 0.14 0.82 3.47 | 0.68 -0.13 0.55 321 | 1.76
2 0.09 0.80 1.14 3.79 | 0.41 0.48 0.82 3.47
3 0.09 0.46 0.66 3.79 | 0.41 0.14 0.34 3.47
4 0.09 - 1.14 3.79 | 0.41 - 0.82 3.47
5 0.09 0.46 0.96 3.79 | 0.41 0.14 0.64 3.47

A.1.2 Key parameters as a function of median nominal diameter, D,,50, of

different stone classes

Table A.7 Key parameters expressed as a function of D,5,=0.032m

D,solm]= 0.032 [Class |

Water level 0.645m Water level 0.590m Water level 0.545m
Setup [hg/Dyso (b-hg)/Dpsg (€-hg)/Dysg h/Dyso | he/Dnsg  (b-hg)/Dyso (€-hg)/Dnsg h/Dpsg | he/Dyse  (b-hp)/Dpse (€-hp)/Dyse h/Dpsg | Be/Daso
1 0.47 2.44 6.06 20.16 2.19 0.72 4.34 18.44 3.59 -0.69 2.94 17.03 | 9.38
2 0.47 4.25 6.06 20.16 2.19 2.53 4.34 18.44
3 0.47 2.44 3.53 20.16 2.19 0.72 1.81 18.44
4 0.47 - 6.06 20.16 2.19 - 4.34 18.44
5 0.47 2.44 5.13 20.16 2.19 0.72 3.41 18.44
Table A.8 Key parameters expressed as a function of D,5,=0.025m
D,so[m]= 0.025 [Class II
Water level 0.645m Water level 0.590m Water level 0.545m
Setup |hg/Dpsg (b-hg)/Dpso (C-hg)/Dpso h/Dyso | he/Diso  (b-hg)/Dyso (C-hg)/Dnso h/Dnsp | he/Dnso (b-hg)/Diso (C-hg)/Dnso h/Dnso [ Be/Dnso
1 0.60 3.12 7.76 25.80 2.80 0.92 5.56 23.60 4.60 -0.88 3.76 21.80 | 12.00
2 0.60 5.44 7.76 25.80 2.80 3.24 5.56 23.60
3 0.60 3.12 4.52 25.80 2.80 0.92 2.32 23.60
4 0.60 - 7.76 25.80 2.80 - 5.56 23.60
5 0.60 3.12 6.56 25.80 2.80 0.92 4.36 23.60
Table A.9 Key parameters expressed as a function of D,5,=0.020m
D,solm]= 0.020 |Class Il
Water level 0.645m Water level 0.590m Water level 0.545m
Setup [hg/Dyso (b-hg)/Dpsy (€-hg)/Dysg h/Dyso [ he/Dnsg  (b-hg)/Dyso (€-hg)/Dnsg h/Dpsg | he/Dyse  (b-hp)/Dpse (€-hp)/Dyse h/Dpsg | Be/Diso
1 0.76 3.94 9.80 32.58 3.54 1.16 7.02 29.80 5.81 -1.11 4.75 27.53 | 15.15
2 0.76 6.87 9.80 32.58 3.54 4.09 7.02 29.80
3 0.76 3.94 5.71 32.58 3.54 1.16 2.93 29.80
4 0.76 - 9.80 32.58 3.54 - 7.02 29.80
5 0.76 3.94 8.28 32.58 3.54 1.16 5.51 29.80
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A.2 Wave measurements

In this section there are tables that show the results of the wave measurements from the tests.
These are output numbers from each test along with some key numbers, among those numbers
are the stability number, Hy and the wave period stability number, HyTy, both for Dyso from

Class I stones and from the mixture of the stones.

A.2.1 Setup 1
Table A.10 Wave properties of setup 1, water level 0.545m

[STTL Class | Mixed

Test# Hs[m] Sop S0z T, [s] Tzls] % & Refl H, HoTo,  HoTo, H, HoTo,  HoTo,
1
2 0.102 0.051 0.057 1.13 1.07 2.9 2.8 0.27 1.80 36 34 2.25 50 47
3 0.122 0.042 0.053 1.36 1.21 3.2 2.9 0.31 2.16 51 46 2.69 72 64
4 0.138 0.044 0.056 1.42 1.26 3.2 2.8 0.32 2.43 60 53 3.03 84 75
5
6

Table A.11 Wave properties of setup 1, water level 0.590m

S1TM Class | I\Iﬁxed
Test# Hg[m] Sop S0z T,[s] Tzls] & & Refl Hy HeT,, HeT,, Hy HeT,, HeT,,

1 0.088 0.045 0.052 1.12 1.04 3.2 2.9 0.28 1.54 30 28 1.93 42 39

2 0103 0040 0053 129 112 34 29 029 | 181 41 35 | 226 57 49
3 0122 0042 0053 137 121 33 29 031 | 215 52 46 | 269 72 64
4 0137 0044 0055 141 127 32 29 029 |24 59 53 | 3.01 83 74
5 0158 0.045 0055 150 1.36 3.1 28 029 | 278 73 66 | 347 102 92
6
Table A.12 Wave properties of setup 1, water level 0.645m
[S1TH Class | Mixed
Test# Hg[m] Sop Soz T, [s] Ty [s] & & Refl H, HoTy, HgTy, H, HoTy, HTy,

1 0.084 0.041 0.049 1.15 1.05 3.3 3.0 0.20 1.48 30 27 1.85 42 38
0.101 0.0839 0.052 1.29 1.12 3.4 2.9 0.22 1.78 40 35 2.23 56 49
0.121 0.041 0.058 1.37 1.21 3.3 2.9 0.26 2.13 51 45 2.66 71 63
0.136 0.043 0.055 1.42 1.26 3.2 2.8 0.26 2.40 60 53 3.00 83 74
0.155 0.042 0.054 1.54 1.35 3.3 2.9 0.25 2,72 73 64 3.40 102 90

a s WN

A.2.2 Setup 2
Table A.13 Wave properties of setup 2, water level 0.590m, first test

S2TM Class | Mixed

Test# Hg[m] Sop Soz T, [s] Ty [s] & & Refl H, HoTo, HoTy, H, HoTo, HoTy,
1
2 0.109 0.051 0.055 1.17 1.12 3.0 2.8 0.26 1.91 39 37 2.39 55 52
3
4 0.130 0.047 0.060 1.33 1.18 3.1 2.7 0.29 2.29 53 47 2.86 74 66
5 0.156 0.051 0.062 1.40 1.27 3.0 2.7 0.33 2.75 67 61 3.43 94 85
6

Table A.14 Wave properties of setup 2, water level 0.590m, repeated test

S2TM_rep Class | Mixed
Test# Hg[m] s S0 T,[s] Tgls] & & Refl Hy HpT,, HT,, | Hy HT,, HT,,

1 0.085 0.036 0.048 1.23 1.07 3.5 3.0 0.26 1.50 32 28 1.88 45 39
0.103 0.039 0.052 1.29 1.12 3.4 2.9 0.27 1.80 41 35 2.25 57 49
0.122 0.042 0.058 1.37 1.21 3.3 2.9 0.31 2.14 51 45 2.68 72 63
0.137 0.044 0.055 1.41 1.27 3.2 2.9 0.30 2.40 59 53 3.00 83 74
0.155 0.042 0.054 1.54 1.36 3.3 2.9 0.28 2.73 74 65 3.41 103 91

o s WOWN
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Table A.15 Wave properties of setup 2, water level 0.645m

[S2TH Class | Mixed
Test# Hs[m] Sop S0z T, [s] Tzls] % & Refl H, HoTo,  HoTo, H, HoTo,  HoTo.
1 0084 0039 0049 118 105 34 30 017 | 148 30 27 | 184 42 38
2 0102 0039 0052 129 112 34 29 019 | 179 40 35 | 223 56 49
3 0120 0041 0053 137 121 33 29 024 | 212 51 45 | 264 71 63
4 0136 0043 0055 142 126 32 28 025 | 240 60 53 | 299 83 74
5 0158 0.043 0056 153 135 32 28 024 | 278 74 66 | 347 104 92
6 0170 0041 0053 162 143 33 29 023 | 298 85 75 | 373 118 104
A.2.3 Setup 3
Table A.16 Wave properties of setup 3, water level 0.590m
[S3TM™ Class | Mixed
Test# Hs[m] Sop S0z T, [s] Tzls] % & Refl H, HoTo,  HoTo, H, HoTo,  HoTo,
1 0086 0040 0048 117 107 33 30 028 | 151 31 28 | 1.89 43 39
2 0103 0039 0053 130 112 34 29 028 | 180 41 35 | 225 57 49
3 0122 0042 0053 137 121 33 29 030 |215 52 46 | 269 72 64
4 0137 0044 0055 142 127 32 28 032 | 242 60 53 | 3.02 84 75
5
6
Table A.17 Wave properties of setup 3, water level 0.645m
[S3TH Class | Mixed
Test# Hs[m] Sop S0z T, [s] Tzls] % & Refl H, HoTo,  HoTo, H, HoTo,  HoTo,
1 0084 0040 0048 116 106 33 30 020 |148 30 27 | 185 42 38
2 0101 0039 0052 129 112 34 29 022 | 179 40 35 | 223 56 49
3 0121 0041 0053 137 121 33 29 026 | 213 51 45 | 266 71 63
4 0136 0043 0054 142 127 32 29 027 | 239 59 53 | 299 83 74
5 0153 0042 0054 153 135 33 29 027 |270 72 64 | 3.37 101 89
6
A.2.4 Setup 4
Table A.18 Wave properties of setup 4, water level 0.590m, first test
[SaTm Class | Mixed
Test# Hg[m] sy s Tplsl  Tzlsl & & Refl | H, HpT,, HpT,, | Hy, HyT,, HTy,
1 0085 0033 0048 128 107 37 30 026 |150 33 28 | 1.87 47 39
2 0103 0040 0053 129 112 33 29 028 | 181 41 35 | 226 57 49
3 0123 0042 0053 137 122 33 29 031 |217 52 46 | 271 73 64
4 0137 0044 0055 141 126 32 28 031 | 240 59 53 | 3.00 83 74
5 0158 0.046 0056 149 135 3.1 28 030 | 278 72 66 | 3.47 101 92
6
Table A.19 Wave properties of setup 4, water level 0.590m, repeated test
mM_rep Class | Mixed
Test# Hg[m] sy s Tplsl  Tzlsl & & Refl | H, HpT,, HpT,, | Hy, HyT,, HTy,
1 0084 0036 0047 123 107 35 3.1 026 | 1.48 32 28 | 1.85 45 39
2 0102 0039 0051 129 113 34 30 027 | 179 40 35 | 224 56 49
3 0119 0041 0051 137 122 33 29 031 |210 50 45 | 262 70 63
4 0135 0045 0053 139 127 32 29 030 | 237 58 53 | 296 80 73
5 0155 0043 0055 153 135 32 29 030 | 274 73 65 | 342 102 90
6
Table A.20 Wave properties of setup 4, water level (0.645m
[SaTH Class | Mixed
Test# Hg[m] sy s Tplsl  Tzlsl & & Refl | H, HyT,, HpT,, | Hy, HyT,, HyTy,
1 0.084 0040 0.049 1.16 105 33 30 021 | 148 30 27 | 1.85 42 38
2 0102 0039 0052 129 112 34 29 023 | 179 40 35 | 223 56 49
3 0121 0042 0053 136 121 33 29 026 | 213 51 45 | 2.66 71 63
4 0136 0044 0055 141 126 32 28 026 | 240 59 53 | 299 82 74
5 0159 0042 0056 155 135 32 28 023 | 280 76 66 | 349 106 92
6 0178 0043 0054 162 145 32 29 021 | 313 89 79 | 391 124 111
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A.2.5 Setup 5

Table A.21 Wave properties of setup 5, water level 0.590m

[S5TM Class | Mixed

Test# Hs[m] Sop S0z T, [s] Tzls] % & Refl H, HoTo,  HoTo, H, HoTo,  HoTo.
1 008 0035 0048 126 107 36 30 027 |15 33 28 | 1.88 46 39
2 0100 0037 0051 131 112 35 30 020 | 175 40 34 | 219 56 48
3 0122 0042 0053 137 122 33 29 030 |215 52 46 | 269 72 64
4 0137 0044 0055 141 127 32 29 030 | 240 59 53 | 3.00 83 74
5 0155 0044 0055 150 134 32 28 029 |273 72 64 | 341 100 89
6

Table A.22 Wave properties of setup 3, water level 0.645m

[S5TH Class | Mixed

Test# Hs[m] Sop S0z T, [s] Tzls] % & Refl H, HoTo,  HoTo, H, HoTo,  HoTo,
1 0083 0042 0048 113 105 33 30 020 | 147 29 27 | 1.83 40 38
2 0100 0038 0050 129 113 34 30 020 | 175 40 35 | 219 55 48
3 0119 0041 0052 137 121 33 29 024 | 2090 50 44 | 262 70 62
4 0134 0043 0054 142 126 32 29 024 | 236 59 52 | 295 82 73
5 0156 0041 0054 156 136 33 29 024 |275 75 65 | 343 105 91
6

A.2.6 Setup 6
Table A.23 Wave properties of setup 6, water level 0.590m

[S6TM Class | Mixed

Test# Hg[m] sy s Tplsl  Tzlsl & & Refl | H, HyT,, HpT,, | Hy, HyT,, HyTy,
1 0084 0040 0047 116 107 33 3.1 024 | 148 30 28 | 1.85 42 39
2 0102 0039 0052 129 112 34 29 024 | 180 40 35 | 224 57 49
3 0120 0041 0052 137 122 33 29 028 | 211 51 45 | 263 71 63
4 0135 0044 0054 141 127 32 29 029 | 238 59 53 | 297 82 74
5
6

Table A.24 Table A.16 Wave properties of setup 6, water level 0.645m

[S6TH Class | Mixed

Test# Hg[m] sy s Tplsl  Tzlsl & & Refl | H, HyT,, HpT,, | Hy, HyT,, HyTy,
1 0083 0041 0047 114 106 33 3.1 018 | 1.47 29 27 | 1.83 41 38
2 0100 0039 0051 129 112 34 29 017 | 176 40 35 | 220 56 48
3 0119 0041 0052 137 121 33 29 021 | 200 50 44 | 261 70 62
4 0134 0042 0055 143 125 33 28 027 | 235 59 51 | 294 82 72
5 0157 0042 0054 155 136 33 29 027 |277 75 66 | 345 105 92
6
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A.3 Stone measurements

A.3.1 Class |

Percentage smaller

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

f
H
=
J/
0,027 0028 0029 0030 0,031
Dn [m]

Sieve curve - Class |

0,034

Figure A.1 Sieve curve for Class I stones

Table A.25 Class I stones, key nominal diameters

D i [M]
I — 111

Drso
Dris
Dras
Drio
Dren

[m]
[m]
[m]
[m]
[m]

0.0244
0.04585
0.0320
0.0254
0.0331
0.0250
0.0322

—8 =1,13< 1,5 = Narrow_ grading

nls
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A.3.2 Class Il

Percentage smaller

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Sieve curve - Class I

M

0,021 0,022 0,023

0,024 0,025 0,026 0,027

Dy [m]

0,028

Figure A.2 Sieve curve for Class II stones

Table A.26 Class II stones, key nominal diameters.

D i [M]
I — 111

Drso
Dris
Dras
Drio
Dren

[m]
[m]
[m]
[m]
[m]

0.0156
0.0265
0.0250
0.0231
0.0267
00227
0.0255

D
—85 =1,16 < 1,5 = Narrow_ grading

nls
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A.3.3 Class Il

Percentage smaller

1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0

Sieve curve - Class Il

N

L

Al

0,016 0,017

0,018

0,019 0,020

Dy [m]

0,021

0,022

0,023

Figure A.3 Sieve curve for Class III stones

Table A.27 Class III stones, key nominal diameters.

n85

nls

D i [M]
I — 111

Drso
Dris
Dras
Drio
Dren

[m]
[m]
[m]
[m]
[m]

0.0156
0.0265
0.0195
0.0170
0.0215
0.0178
0.0201
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A.3.4 Core

The stones used for the core are not the same kind of material as used for the armour layer.
Although that is the case when an Icelandic type berm breakwater is constructed, the core is
however not being considered in this project. This does not influence the behaviour of the

armour layer. The density of the core material is ps = 2620 [kg/m3].
Table A.28 Core material, key nominal diameters.

Domin [M]  0.0067
Domex[m] 00136
Daso [m]  0.0099
Dus [m]  0.0087
Dnes [m] 0,016

— =133 <1,5= Narrow_ grading
nl5s

A.3.5 Mixture of all stones

For comparison all the stones that were used in the experiment were mixed. The reason was to
make a homogenous berm breakwater, setup 6, with the same profile as in the other setups.
The reason for that setup was to be able to compare the results both with earlier researches,

for example recession, and also with the other setups.

Sieve curve - mixed

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0% +=

0,016 0,018 0,020 0,022 0,024 0,026 0,028 0,030 0,032 0,034
Dy, [m]

Percentage smaller

o]

|t

Figure A.4 Sieve curve for the mixture of all stones
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Table A.29 Mixture of all stones, key nominal diameters.

Drupmirn [m] 00156
Dropeese [M] 0.0485
Dnsp  [m] 0.0257
Dnes  [m] 0.0198
Dnes [m] 0.0323
Do [m] 0.0188
DnED [Ill] 0.0276

D
3 —1,63=1,5<1,63>2,5= Wide_ grading

nl5s

71



A.4 Cross sections and reshaping process

Total of 70 tests were made, where 6 different cross sections or setups. Three different water
levels were tested where two of them were tested for every setup while the lowest water level
was only tested for setup 1. The key dimensions from every setup can be viewed in Figure 3.5
and are further explained in Table 3.1. As well as in appendix A.1 where it is explained as a
function of different the different wave heights used as well as the different median nominal

diameters, D,s9, of the different stone classes.

In Figure A.5 the colours used to explain the damage development are explained. The number
0 represents the original situation, before any wave action. While the numbers 1-6 each
represent a wave test as explained in Table 3.3, number 1 being the smallest waves while

number 6 are the largest.

0

6

Figure A.5 Explanation figure for the damage development.
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A.4.1 Setup 1

SO1TL

Figure A.6 Damage development of setup 1, water level 0.545m.

K

SO1TM

Figure A.7 Damage development of setup 1, water level 0.590m.
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i

SO1TH

Figure A.8 Damage development of setup 1, water level 0.645m.

A.4.2 Setup 2

For setup 2, two tests were performed with the water level at 0.590m. The reason for this is
that in the first tests there was a little problem with the flume that resulted in different wave

conditions than originally planned.

SO2TM

Figure A.9 Damage development of setup 2, water level 0.590m, first test.
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SC2TM_rep

Figure A.10 Damage development of setup 2, water level 0.590m, repeated test.

SO2TH

Figure A.11 Damage development of setup 2, water level 0.645m.
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A.4.3 Setup 3

SO3TM

Figure A.12 Damage development of setup 3, water level 0.590m.

S03TH

Figure A.13 Damage development of setup 3, water level 0.645m.
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A.4.4 Setup 4
For setup 4 as for setup 2, two tests were performed with the water level at 0.590m. The
reason in this case was that many stones were moved in early in the test which was not in

context with other similar tests performed earlier.

S04 TM

Figure A.14 Damage development of setup 4, water level 0.590m, first test.

SC4TM_rep

Figure A.15 Damage development of setup 4, water level 0.590m, repeated test.
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S04TH

Figure A.16 Damage development of setup 4, water level 0.590m.

A.4.5 Setup 5

[v

SO5TM

Figure A.17 Damage development of setup 5, water level 0.590m.
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W

S05TH

Figure A.18 Damage development of setup 5, water level 0.645m.

A.4.6 Setup 6

S06TM

Figure A.19 Damage development of setup 6, water level 0.590m.
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SO6TH

Figure A.20 Damage development of setup 6, water level 0.645m.
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A.5 Recession graphs

For all recession graphs TH stands for the highest water level, 0.645m, TM stands for the
medium water level, 0.590m, while TL stands for the lowest water level tested, 0.545m, that

was only used for one test with setup 1.

A.5.1 Comparison with Torum

In the following two figures, Figure A.21 and Figure A.22 the results from the recession
measurements of the tests are compared to the formula of Tgrum. Figure A.21 compares the
results of setup 6, which is with the mixture of all stone classes and the formula of Tgrum for
the same material, values of D,s9 both in Rec/Dyso and HoT are from the mixture. Figure A.22
however compares the results of setup 4, which should be close to being a representative for
Class I, with the formula of Tgrum for the same material, values D,s5o both in Rec/D,5¢ and

HgTy are from the Class I stones.

Recession - Setup 6, comparison of water levels
12
I |
Formulaof
Tarum (2.8) .
10 mixture
|
8 * I\
B
a -
b 6
& ¢ D6TH
- H 6™
4
4
2
*
||
0 L
0 10 20 30 40 50 60 70 80 90 100 110
HTo

Figure A.21 Recession, setup 6 compared to the modified formula of Tgrum for mixed stones
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Recession - Setup 4 vs Terum with D, from Qass | stones
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Figure A.22 Recession, setup 4 compared to the modified formula of Tgrum for Class I stones

A.5.2 Influence of berm height on recession on the edge of berm

The following graphs are recession measurements for different setups where the water levels

are compared. All stone parameters for all setups are taken from the mixed stone sample.

Recession - Setup 1, comparison of water levels
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Figure A.23 Recession, comparison of different water levels, setup 1
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Recession - Setup 2, comparison of water levels
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Figure A.24 Recession, comparison of different water levels, setup 2
Recession - Setup 3, comparison of water levels
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Figure A.25 Recession, comparison of different water levels, setup 3
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Recession - Setup 4, comparison of water levels
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Figure A.26 Recession, comparison of different water levels, setup 4
Recession - Setup 5, comparison of water levels
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Figure A.27 Recession, comparison of different water levels, setup 5
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A.5.3 Comparison of different setups

Recession - Water level 0.590, comparison of different setups

/r |
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Figure A.28 Recession, comparison of different setups, water level 0.590m

Recession - Water level 0.645m, comparison of different setups
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Figure A.29 Recession, comparison of different setups, water level 0.645m
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A.5.4 Uncertainties

To estimate uncertainties of tests, the tests that were repeated are looked at.

Recession - Setup 2, comparison of repeated tests

12,0
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8,0 y

- 02TM
D2TM_rep
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4,0 /

/

/
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0,0

Figure A.30 Recession, comparison of original and repeated test of setup 2, with water level 0.590m

In the following figure, Figure A.31, HoTy is replaced by Hy as the value on the x-axis.

86



Recession as a function of H, - Setup 2, comparison of repeated tests
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Figure A.31 Recession, comparison of the original and the repeated test of setup 2, with water level

0.590m. H, used instead of HyT,

Recession - Setup 4, comparison of repeated tests
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Figure A.32 Recession, comparison of original and repeated test of setup 4, with water level 0.590m
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A.6 Damage number - graphs

For all the damage development graphs, the stone diameters are taken from the sample of

mixed stones.

A.6.1 Influence of berm height on damage development

Damage number - setup 1

]
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Figure A.33 Damage number, comparison of different water levels for setup 1
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Figure A.34 Damage number, comparison of different water levels for setup 2
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Damage number - setup 3
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Figure A.35 Damage number, comparison of different water levels for setup 3

Damage number - setup 4
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Figure A.36 Damage number, comparison of different water levels for setup 4
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Damage number - setup 5
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Figure A.37 Damage number, comparison of different water levels for setup 5

Damage number - setup 6
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Figure A.38 Damage number, comparison of different water levels for setup 6
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A.6.2 Comparison of different setups

Damage number - water level 0.590m
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Figure A.39 Damage number, comparison of different setups with water level 0.590m

Damage number - water level 0.645m
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Figure A.40 Damage number, comparison of different setups with water level 0.645m
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A.6.3 Uncertainties

To estimate uncertainties of tests, those tests that were repeated are looked at.

Damage number - Setup 2, comparison of repeated tests
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Figure A.41 Damage number, comparison of original and repeated test of setup 2, with water level 0.590m

In the following figure, Figure A.42, HoTy is replaced by Hy as the value on the x-axis.

Damage number as a function of H, - Setup 2, comparison of repeated tests
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Figure A.42 Damage number, comparison of the original and the repeated test of setup 2, with water level
0.590m. H, used instead of HyT,
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Damage number - Setup 4, comparison of repeated tests
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Figure A.43 Damage number, comparison of original and repeated test of setup 4, with water level 0.590m
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A.7 Transition of original and reshaped profile, h¢

For test setups 1-5 the median nominal diameter, D,sp, of Class I stones was used while for

setup 6 the values from the mixed sample was used.

A.7.1 Influence of distance from berm level to water level, hg, on h;

Intersection of original and reshaped profiles, setup 1
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Figure A.44 Transition of original and reshaped profile, hy, setup 1

Intersection of original and reshaped profiles setup 2
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Figure A.45 Transition of original and reshaped profile, hy, setup 2
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Intersection of original and reshaped profiles, setup 4
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Figure A.46 Transition of original and reshaped profile, h;, setup 4
Intersection of original and reshaped profiles, setup 6
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Figure A.47 Transition of original and reshaped profile, hy, setup 6
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A.7.2 Comparison of different setups

Intersection of original and reshaped profiles water level 0.590m
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Figure A.48 Transition of original and reshaped profile, hf, water level 0.590m
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Figure A.49 Transition of original and reshaped profile, h;, water level 0.645m
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A.8 Wave spectra

The type of waves used in the model test of this research are gravity waves propagating at the
surface of a water body which are locally generated by the action of the wind at the free
surface. This type of sea-state is called a wind-sea-state and is characterised by short wave

periods (2s to 10s typically) and provide an irregular aspect of the sea surface.

A sea-state can be described with a graph, table, or mathematical equation showing the
distribution of wave energy as a function of wave frequency, this is called a wave spectrum.
Two of the most widely used spectra are those described by Pierson & Moskowitz (1964) and
the JONSWAP spectrum, Hasselmann et al. (1973), shown in Figure A.50. These spectra are
formulated using a power function with respect to the frequency containing several scaling

parameters and constants.

The Pierson-Moskowitz spectrum represents a fully developed sea and was developed by
offshore industry. It assumes deep water conditions with unlimited fetch and was developed
using North-Atlantic data. The JOint North Sea W Ave Project, that resulted in the JONSWAP
spectrum on the other hand represents a sea at young state and was also developed by offshore
industry. It represents conditions with limited fetch and was developed using North Sea data.
Since the wave spectrum is hardly ever fully developed in nature, the Jonswap spectrum is

often used. In this experiment the Jonswap spectrum was used with the peak enhancement

factor, y = 3.3.
4 Py
E(f)=0g(2m)™ £ exp _%(fij y
p 8.1)
with:
E spectral energy density [m?/Hz]
o scaling parameter (Pierson-Moskowitz) [-]
f frequency [Hz]
fp peak frequency [Hz]
Y peak enhancement factor [-]
c scaling parameter [-]
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Figure A.50 Pierson-Moskowitz and Jonswap spectrum
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A.9 Damage measurement photos

For explanation the damage development from one setup is shown here. The setup chosen is
setup 2 with water level 0.590m, since tests for that setup was repeated the repeated tests will

be shown here, SO2TM_rep.

c) d)
Figure A.51 Damage measurement photos, S02TM_rep, wave test #2, after a) 500 waves, b) 1000 waves, c)
2000 waves and d) 3000 waves
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52 Damage measurement photos, SO2TM _rep, a) wave test #2 after 3000 waves, b) wave test #3

Figure A.

lure

i

after fa

d) wave test #5

c) wave test #4 after 3000 waves,

after 3000 waves,
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A.10Photos from laboratory

Figure A.54 Photo from laboratory, the camera stand and the structure
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Figure A.56 Photo from laboratory, measurement equipment
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Figure A.57 Photo from laboratory, overview, looking in the direction of the structure
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Figure A.58 Photo from laboratory, overview, looking in the direction of the wave generator
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