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Summary

Recently, interest in vertical breakwaters has grown. The development of ports from natural
small harbours to artificial large harbours facing the outer sea has demanded the construction
of breakwaters in rougher seas. The vertical breakwater could play a role of importance in this
development. To obtain general guidelines for the design of vertical breakwaters, an European
research project has been started, called PROVERBS-Mast lil. This study is part of this
project.

Breakwaters are constructed to provide a calm basin for ships and to protect harbour facilities.
For ports open to rough seas, breakwaters play a key role in port operations. One of the
endangers of harbour tranquillity is wave transmission. Waves hitting the breakwater transfer
part of their energy into the harbour, whether by energy through the breakwater, or by energy
transfer over the breakwater if the run-up of the waves exceeds the top level of the
breakwater.

Goda (1969) has proposed relations describing wave transmission at vertical breakwaters,
based on regular wave tests. Since then, little research work has been addressed to this
subject. This report is an attempt to contribute to the enhancement of the understanding of
wave transmission at vertical breakwaters.

Data of various caisson breakwater types are discussed and analysed. The sloping top
caisson breakwater gives more wave fransmission than conventional and horizontally
composite breakwaters. For horizontally composite breakwaters, wave transmission is in
general less than for conventional breakwaters. The difference in wave transmission between
conventional, parapet and perforated breakwaters is not significantly large.

The applicability of the relations derived by Goda (1969) for irregular waves using the
significant height, has been verified. These relations can also be used {o describe wave
transmission for various types of caisson breakwaters by adaptation of the coefficients. A
relation between the coefficients and a parameter characterising the type of caisson
breakwater could not be found.

Wave fransmission is due to overtopping and transmission through the structure. An effort is
made to describe wave transmission due to overtopping with the percentage of overtopping
waves. A relation between wave transmission due to overtopping and the percentage of
overtopping waves, which depends on the crest freeboard, has been derived. A relationship
for wave transmission through the structure is also given. These relations are based on data of
a conventional caisson breakwater, i.e. caisson placed on a rubble mound foundation. The
results are discussed and applied to sloping top caisson breakwaters.

Finally, wave transmission has been studied in a theoretical approach to get a better insight in
the process. The method as described in this report, however, consequently overestimates the
wave transmission coefficient, probably due to the non-linearity of the phenomenon wave
transmission.
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Introduction

1.1

General

For proper handling of vessels within a harbour basin a certain degree of basin tranquillity is
required. The tranquillity of the harbour can be endangered by three phenomena:

s Disturbance of tranquillity by waves entering the harbour mouth (combined effect of
diffraction and refraction).

e Waves hitting the breakwater transfer part of their energy into the harbour, whether by
energy through the breakwater, or by energy transfer over the breakwater if the run-up of

the waves exceeds the top level of the breakwater.

¢ Wave generation by local wind. When the direction of a strong wind is parallel to the
longer harbour axis wind waves of some importance can be generated.

The endanger of the harbour tranquillity is illustrated in Figure 1.1.

/gyg@qgging\\ waves generated
by local wind

| -~ N d

.

/
/ N
Hg ¥ transmission through structure g H
sea ’ } /‘ S harbour
\\\\ ‘//(
T _re-/diffraction—
Figure 1.1 Endanger of harbour tranquillity

Breakwaters are constructed to provide a calm basin for ships and to protect harbour
facilities. They are also sometimes used to protect the port area from the intrusion of littoral
drift. In fact, for ports open to rough seas, breakwaters play a key role in port operations.

The most common type of breakwater in the world is the rubble mound breakwater. Rubble
mound breakwaters have a rubble mound and an armour layer that usually consists of shape-
designed concrete blocks. Recently there is again interest in vertical breakwaters. The
development of ports from natural small harbours to artificial large harbours facing the outer
sea has demanded the construction of breakwaters in more rough seas. The vertical
breakwater could play a role of importance in this development.

To obtain general guidelines for the design of vertical breakwaters, an European research
project has been started, called PROVERBS-Mast ill. PROVERBS (Probabilistic Design Tools
for Vertical Breakwaters) is a multi-national and multi-disciplinary research project funded by
the European Union within the MAST Il (Marine Science and Technology)-Programme for a
period of three years (1996-1999). Therefore, a studygroup has been formed at the Delit
University of Technology. This study has been done within this project.

1-1
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Wave fransmission at vertical breakwaters

1.2

1.3

Problem description

Economic considerations often indicate that the structural integrity of the breakwater shall be
such that the structure is able to survive severe weather conditions without major damage.
The functional requirements, however, do not always require that absolute tranquillity is
maintained under such conditions. Since the volume of material involved in the structure and
thereby its costs, is dependent on its height, it is worthwhile to consider the minimum crest
level of the breakwater.

Therefore it is necessary to give a good prediction for the wave transmission. However, little
research work had been addressed to this subject in the past, since most attention had been
paid to wave forces and breakwater stability. It may be noted that these aspects are
interrelated since the breakwater crest elevation influences the amount of wave force. Goda
(1969) is the main reference for wave transmission at vertical breakwaters.

Relations describing wave transmission at vertical breakwaters were derived by Goda (1969),
based on regular wave tests. According to Takahashi (1996), these relations are applicable to
irregular waves using the significant wave height. However, a verification has not been given.

Recently, studies have been performed on wave transmission for various types of caisson
breakwaters, such as sloping top caissons (Takahashi, 1996) and horizontally composite
breakwaters (Tanimoto et al., 1887). However an overall view of caisson breakwaters has not
been found in literature.

A conclusion is that to little information on wave transmission is available in the literature to
allow accurate estimates to be made during design. A factor which makes the establishment
of allowable limits for wave transmission even more difficult is the simultaneous presence of
waves which penetrate through the harbour entrance. The resulting total wave height is not
simply the sum of the wave height components! Even a sum based upon wave energy proves
to be unreliable. Large scale model! tests can provide insight into the problem for specific
harbours.

Also, the process of wave transmission seems to be a ‘black box. In general the problem of
wave transmission has been attacked experimentally. The experimental results are mostly
presented by creating a graph of the transmission coefficient versus a relative freeboard.

Thesis objective

This report deals with wave transmission at vertical breakwaters. The objective for this thesis
is to analyse and discuss data of various types of vertical breakwaters and to come to a
general design formula which relates the wave transmission coefficient with the relative
freeboard. Also the phenomenon wave transmission will be studied in a more theoretical
approach to get a better insight in the process.

1-2
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Outline of the report

The outline of this report is as follows: In chapter 2, the design of breakwaters in general is
described. A review of literature of wave transmission is given in chapter 3. Chapter 4
analyses and discusses data for various types of caisson breakwaters. It is tried to verify the
applicability of the equation of Goda(1969) for irregular waves and to adapt this equation to
various caisson breakwater types. In chapter 5 it is tried to derive a relation between
transmission due to overtopping and the percentage of overtopping waves. The relation
between the percentage of overtopping waves and relative freeboard is also given. The
results are discussed and applied to sloping top caisson breakwaters. In chapter 6 wave
transmission has been studied in a more theoretical approach in order to get a better insight
of the process. The results are compared with data set M 2090 and H2137 of DELFT
HYDRAULICS. Finally the conclusions and recommendations as can be drawn from this study
are given in chapter 7.

1-3
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2.1.2

The following section describes the governing parameters for the design of breakwaters.
Wave parameters as well as structural parameters are given. The hydraulic response will also
be discussed.

Governing parameters

Wave parameters
The wave conditions, which are important for design of breakwaters, are given by:

s Hysz mean height of highest 1/3 of waves in a record,;

e Mo significant wave height from spectral analysis, defined 4vmy;

e Hg significant wave height;

e Mp zeroth moment of the wave energy density spectrum;

o Tp peak wave period,

s 3 direction of wave propagation relative to normal to breakwater alignment.

The parameters can be extended by adding characters and without changing their generai
meaning. For example, the significant wave height can be varied by adding “" representing
the incident significant wave height Hs;

Wave height

At deep water the wave height distribution can be described using a Rayleigh distribution.
However, in shallow and depth limited water the highest waves break and in most cases the
wave height distributions can no longer be described by the Rayleigh distribution. In those
situations, the actual wave height distribution may be important to consider, or another
characteristic value than the significant wave height. Characteristic values often used are the
2% wave height, H.y, and the Hy0, being the average of the highest ten percent of the
waves. An advantage of using Hs, of the Rayleigh distribution, in shaliow water is that it is a
safe approach. The truncation of the wave height exceedance curve due to breaking is not
taken into account.

Wave steepness

The influence of the wave period is often described using the deep water wave length related
to the wave height at the toe of the structure, resulting in a fictitious wave steepness:

2xnH
Sp = 25 2.1
gTs

However, most breakwaters are made in shallow water. In fact, the wave length at the
structure will differ from the deep water wave length.

Structural parameters

There are a number of parameters which characterise a vertical breakwater. A list of notations
and symbals have been produced by PROVERBS. The parameters are outlined below.

241




Wave fransmission at vertical breakwaters

e B, width of rubble berm, at toe of wall;

e B width of caisson;

e d water depth over berm in front of wali;

e de depth of structure in foundation,

e hy height of berm above sea bed;

s b height of caisson,

o by exposed height on caisson / crown wall;

e h depth of rubble core beneath caisson to sea bed;
e g water depth at toe of structure;

e« h water depth from base of caisson (d + d);

e m cotangent of bedslope;

e R, crest freeboard, level of crest above still water level (SWL).

Figure 2.1 indicates the notations to define the cross section of the breakwater.

L

Figure 2.1 Definition of geometric parameters

Hydraulic response

When waves act on breakwaters, part of the incident wave energy is dissipated. Part of the
remaining energy, however, is reflected and generates reflected waves in front of the
breakwaters. The remaining is transmitted and yields waves transmitted behind the
breakwaters. The wave reflection is sometimes a problem because it makes another agitation
in front of the breakwaters. On the other hand, wave transmission is essentially important in
the design of breakwaters because the most principal function of breakwaters is to prevent
wave propagation behind them and so create a calm water area there.

The following sections will give a short description of the hydraulic response of a breakwater
to the wave conditions. Wave run-up, wave overtopping, wave transmission and wave
reflection are discussed.

2-2
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Design of breakwaters

2.2.1

2.2.2

Wave run-up

Wave action on a structure will cause the water surface to oscillate over a vertical range
generally larger than the incident wave height. The maximum level reached in each wave is
termed run-up, R,, and defined relative to the still water level. The design run-up can be used
as an indicator of possible overtopping or wave transmission.

Figure 2.2 Wave run-up level

The wave crest height of the second order approximation solution for finite amplitude standing
wave proposed by Miche (1944) is given by:

H; )

H

Ry 4 ®H 5ot o Pe ) stann 22 s L (2.2)
4L T L

where R, is the wave run-up height from the still water level, hs is the water depth at the toe of
the vertical breakwater, H; is the incident wave height at hg, L is the incident wave length at hs.

Under the action of random waves, run-up levels will vary from wave to wave. It is therefore

meaningful to determine a characteristic measure of run-up, which is typical of the sea state.

Two measures of run-up may be considered in accordance with the following definitions:

Rus . the significant run-up (analogous to significant wave height Hy), i.e. the average of
the highest one third run-up levels reached,

Rupw  : the run-up level exceeded by only 2% of the waves.

Run-up is often given in a dimensionless form, Ry/H,, where the subscript x describes the
level considered (for instance 2%). However, for a vertical wall not much is known about
irregular wave run-up.

Wave overtopping

Wave overtopping is the discharge Q over the top of the breakwater as a result of waves
exceeding the crest freeboard.

Figure 2.3 Wave overtopping

ey




Wave fransmission at vertical breakwaters

2.2.3

Many formulae which describe wave overtopping can be found in literature. All formulae are
expressed as a function of some sort of dimensionless crest freeboard. An exponential
relationship is assumed according to Franco et al (1894):

Q _bRe
—_ * — HS
ngH3 =Q =ae (2.3)

in which:
Q is the mean discharge expressed by m>/s per m
a and b are experimental coefficients

Franco et al. (1994) found that for vertical-face breakwaters b = 4.3 and a = 0.192, see also
section 3.3.

Wave transmission

Wave transmission is the phenomenon that wave energy will overtop and pass through the
breakwater. In general, the wave transmission coefficient K; is expressed by the ratio of the
transmitted wave height (H;} to the incident wave height (H;):

K, = Tt (2.4)

H.

The incident wave height is measured in front of the structure, excluding the effects of
reflection. The transmitted wave height is measured behind the breakwater.

incident wave :—_—> Transmitted wave

= N

Figure 2.4 Wave transmission

However, the wave transmission coefficient K, can alsc be expressed in terms of energy.

K, = |Et (2.5)

!

Raichlen et al. (1992) implies that it is important to view wave transmission in more basic
terms (see section 3.1.4).

The governing parameters related to transmission are: structural geometry, the crest
freeboard, crest width, water depth and the hydraulic parameters: wave height and wave
period.

W
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in general, wave transmission is looked at with a graph of the wave transmission coefficient K;
in which the abscissa represents the crest freeboard to the incident wave height, R./H;
because the relative freeboard R /H; greatly controls the wave overtopping.

Wave reflection

All coastal structures reflect some proportion of the incident wave energy. This is often
described by a reflection coefficient, C,, defined in terms of the incident and reflected wave
heights, H; and H,, respectively, or the total incident and reflected wave energies, E; and E;.

co =t B (2.6)

When considering random waves, values of C, may be defined using the significant incident
and reflected wave heights as representative of the incident and reflected energies.

The reflection coefficient of vertical breakwaters is generally high, but fess than 1.0 due to the
effects of rubble mound foundation and wave overtopping. In particular, it is reduced
considerably when breaking waves act on the breakwaters.

2-5
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Review of literature

3.1

In this chapter a review of previous studies on wave transmission is given. In section 3.1 a
review of wave transmission at vertical breakwaters is given. Section 3.2 deals with wave
transmission at impermeable breakwaters with a slope. While wave transmission is mostly
due to overtopping, a study of overtopping is also given (section 3.3).

Wave transmission at vertical breakwaters

In this section a review of previous studies with regard to wave transmission at vertical and
composite breakwaters is given.

Because fransmitted waves are caused by transmission through the structure and by
overtopping, Tanimoto et al. (1987) proposed the following procedure to estimate the wave
transmission coefficient

K, = yKy” + Ky’ (3.1)

in which
Ky, Ko = transmission coefficients due to overtopping and transmission through the

structure, respectively.

Because transmitted waves by the overtopping are generated by the dropping of the water
mass, they have a complicated form with high frequency components. According to Tanimoto,
not only the wave height but also the wave period of fransmitted waves are different from
those of incident waves in general. Also some hydraulic characteristics of transmitted
irregular waves, such as the distributions of wave height and period, will change as they
propagate for a long distance.

Wave transmission at vertical breakwaters is mainly the result of waves generated at the lee
by the impact of the fall of the overtopping water mass. The governing factor is the crest
freeboard R, of the breakwater relative to the incident wave height H;. The height of the
rubble mound is a secondary factor affecting the wave transmission coefficient. Goda (1969)
proposed the following relations of the transmission coefficient for vertical breakwaters, based
on regular wave tests:

[ PooonY
0,25L1~sini[——c~+f3\;§ coof1- M)
20 i /-! ‘\ s
H R
Kiy=—1t= forf—o < —S <o~ 32
t H, B-a H, o-p (3.2)
/ !
0.1)1411 forRe g p
i \ hs) Hi

|

where o = 2.2, and § given in Figure 3.1.

The term with the sinus component represents wave fransmission due to overtopping and the
term (1-h'/hs) represents wave transmission through the structure. The term h' is the distance

B |




Wave transmission at vertical breakwaters

from the design water level to the bottom of the caisson. As can be seen from figure 3.1, B
depends on the ratio dfhs, which aﬁ‘ects the wave overtoppmg Note the difference between i’

and d, see Figure 2.1.

0.4 = According to Tanimoto the relations
/ proposed by Goda are applicable to

0.3 the transmission coefficient of the

B significant wave height of irregular
02 waves, although these relations are

/ based on regular wave tests.

o

Most breakwaters in Japan are
designed with a relative crest height

0 Z Re/Hs = 0.6, where H; is the design
/ Al d ' significant wave height mostly
~-0.1 TN T e corresponding to a return period of
1 i ' 1 50 years. Then, the transmission
-0.2 : : coefficient is calculated by Goda's
O 02 04 08 08 10 formula as about 0.2 for the typical
ash conditions of d/hs = 0.6 and h'/hg =

0.7..

Figure 3.1 Nomograph for parameter B

Figure 3.2 is a graphical representation of Goda's formula. The width B of the upright section
tested, covers a range Bc/hs = 0.8 - 1.1, which represents standard geometry of vertical
breakwaters. The portion of empirical curves in the range R./H; > 1.5 represents the
estimation of wave transmission through the rubble mound foundation.
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Figure 3.2 Transmission coefficient for regular waves at vertical breakwater (Goda, 1969)

Also in Tanimoto et al. (1987), the horizontally composite breakwater is discussed. A
horizontally composite breakwater is a composite breakwater covered with wave dissipating
blocks, see Figure 3.3.
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Figure 3.4 shows experimental results of irregular wave
tests, where the significant wave heights of transmitted

Figure 3.3

waves were measured. The solid curves in the figure
indicate the average relations of the experimental data
for the different values of bg/lLis, where b is the

equivalent covering width defined by the following
relation:

(3.3)

0.4 I T l ;
2 /L1320 05~0.07 bysL (5 bon) B/ Lisy
be/Lir3200T~ ¢T2 WeTOs o 005~007
K, Hu s g\ e/ Lir3=007~0.10 b S 99383
Hiys Bt AT [ ¢ 0.10~0.15
ol 4 / (A/h"=0.6)
A AN
L
o b/er3 | W !
(] J
2010~ 0.18 ° e
. |
(o] Q.5 1.0 .5 20 25 30
Re/Him
Figure 3.4 Wave transmission coefficient for horizontally composite breakwaters

(Tanimoto et al., 1987)

As indicated by these average relations, the value of K; ranges from 0.10 to 0.16 for a relative
crest freeboard of 0.6, being less than corresponding values of ordinary vertical walls (K, =
0.2, see previous page). It can be easily seen that the wave transmission coefficient Ki
decreases as the relative covering width be/L 43 increases.

Also some other characteristics of irregular transmitted waves, which have been obtained for
horizontally compaosite breakwater, are reported in Tanimoto.

Takahashi (1996) investigated the wave transmission coefficient K, for six sloping top caisson
breakwaters. A sketch of a sloping top caisson breakwater is given in Figure 3.5. A sloping
top caisson breakwater is a caisson breakwater which has a superstructure that is sloped to
reduce the wave forces. The sloping top caisson is very stable, yet overtopping is large, and
the crest freeboard R, must be higher than that of the ordinary vertical wall type to obtain the
same wave transmission coefficient K.

Beside the structural parameters outlined in section 2.1.2. there are two more parameters
needed to characterise the sloping top caisson breakwater. i.e. a and dc. « is the angle of the
slope and d. is the distance between the still water level and the point where the slope starts.
For a semi-submerged sloping top caisson the value of d. is negative and for a standard
sloping top caisson, having a slope starting from the sill water level, d. = 0 m (type 1).
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Figure 3.5 Sketch of cross section sloping top caisson breakwater

In table 3.1 the values of the parameters for each type are given. In annex 1 the cross-
sections of the six sloping top caissons are given.

Type SR B B B v I
1 32 0 45¢ 80 1044
2 32 8 45° 80 1044
3 32 -21.8 45° 80 1044
4 16 -21.8 45° 80 1044
5 16 -27.6 45° 80 1044
. 6 16 -21.8 56° 80 1044
Table 3.1 Values of parameters for the six types of sloping top caissons (unit : cm)

Figure 3.6 shows experimental results which were used to investigate the wave transmission
coefficient K, for the six sloping top caisson breakwaters.

o 5 ] T T ¢ T ‘ T T T
K, = Ht1 /3
t Hﬁ /3 : R
Sioping Top Coissons
Type- i .|
2 o A
3 8
4 wmeem 0
G e B
6 ——20
S ~—— Verticol Woll
.
20 30
Re/Hys
Figure 3.6 Wave transmission coefficient K; for sloping top caissons (Takahashi, 1996)

It is obvious that the sloping top caisson has a relatively large wave transmission coefficient K,
compared to ordinary vertical walls, and also, that the wave transmission coefficient K; becomes
large when either the angle of the slope o is small and/or the value of d. is negative and large.
Taking such factors into account, K, for sloping top caissons can be formulated as follows, after
Takahashi (1996):
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where B is obtained from Figure 3.1. The lines drawn in Figure 3.6 represent equation 3.4
calculated for each type. According to Takahashi (1996) the calculated results in Figure 3.6 using
equation 3.4 show good agreement with the experimental results.

in Funakoshi et al. (1994),
model tests were conducted to
obtain the hydraulic
characteristics of the
breakwaters with rear
parapets. A rear parapet
breakwater is a breakwater
where the parapet of an
ordinary breakwater
superstructure is placed at the
rear of the breakwater body.
By a front parapet breakwater
the parapet is placed at the
front. The parapet breakwater
is outlined in Figure 3.7, after
Funakoshi et al. (1994).

Figure 3.8 shows the wave
transmission coefficient K,. The

abscissa represents the
relative  freeboard at the
parapet to the incident

significant wave height, R./Hg:.
In the figure, the ® mark
represents the rear parapet
breakwater, and the O mark
the front parapet breakwater.
This figure indicates that the
transmitted waves are
generally higher for the rear
parapet breakwaters than the
front breakwaters. Therefore,
the crest freeboard at the rear
parapet must be increased by

Parapet Position Breakwater Type Parapet Shape
Basic Shape
Reflective Breakwater
Improved Shape
Rear Parapet

Basic Shape

‘Wave Dissipating Breakwater

Improved Shape

Front Parapet
{Ordinary Type)

\Wave Dissipating Breakwater

Wave direction: Av_y

Parapet breakwater

Figure 3.7

about 10 to 20% to maintain the same transmission coefficient as the front parapet

breakwater.
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Figure 3.8 Wave transmission coefficient for vertical breakwater (Funakoshi et al., 1994)

Figure 3.9 shows the wave transmission coefficient K, for the case where the rear parapet of
the improved shape is made on the vertical breakwater. In the figure, the x mark represents
the improved shape, the ® mark the unimproved breakwater ( here called “basic shape”). This
figure indicates that the transmitted waves for the improved shape are reduced by 10 to 20%
from the basic shape, and that the rear parapet breakwater with improved shape can be
nearly maintained the same wave transmission coefficient as the front parapet breakwater.

0.25 1
;L . _ _ ‘ ; o Front Parapet
! . - : :
0.20 l- 20 ‘. Front Parapet : S . Rc:lr.Para.pcl
Kt:Hn/a r N / ~ RarPanpat : * E(RB;:sPampdCSham)
His  ous i NG B (Improved Shape)
.10 L / :
| Rear Parapet
r (Impravexd Shape)
0.05 - o
i . : : ,
[ ; : ; : : d/h=0.6~0.7
0.00 b ! i ! i : I
0.5 0.6 0.7 0.8 Q.9 1.0 1.1 12 13
RC / H1/3
Figure 3.9 Effect of parapet shape on transmission coefficients (Funakoshi et al., 1994)

The conclusion drawn by Funakoshi et al. (1994) is that the increase in the transmitted waves
by the rear parapet breakwater, in comparison with the front parapet breakwater, can be

minimized by improving the shape of the parapet.

For several types of caisson breakwaters hydraulic experiments were made to investigate
among other things wave transmission. In Lee et al. (1994) the experimental results are
reported. Figure 3.10 gives the sketches of the cross-sections of the four types of caisson
breakwaters. For more details see Annex 1.
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e )

wavechamber
N
type | type Ii
no ceiling \
wavechamber
/—
type W type IV

Wave direction: /\

Figure 3.10  Sketches of the four types of tested breakwaters

In Figure 3.11, the wave transmission coefficients K, are presented in terms of the ratic
between the crest freeboard R, and incident significant wave height Hy. For the caisson type
breakwater with wave energy dissipating blocks in front of the caisson (type 1) the transmitted
waves are higher than for the other types. The difference between the perforated-wall
breakwater (type Il + lll) and conventional caisson breakwater (type IV) is small, but the
former gives slightly less transmitted waves. Furthermore in Lee et al. (1994) , figures are
given of the energy density spectra of the transmitted waves for breakwaters of Type | and I,
the ratio of the maximum wave height to the significant wave height of the transmitted waves
and the change in period of transmitted waves for breakwaters of type Hl and Hi.
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Re/H,

Figure 3.11 Comparison of transmission coefficient for different types of breakwaters
(Lee et al. |, 1994)
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Wave transmission by overtopping is dealt with by Raichlen et al. (1992). An overtopping jet
is formed above the breakwater. This jet plunges into the water on the shoreward side of the
breakwater generating the transmitted waves. Perhaps because of this impact, the wave
generation process appears to be quite violent. The relatively short wave length for the
transmitted waves is evident, but is equally evident that there must be some remaining energy
at the original wave period in the spectrum of the overtopped waves.

Section D

Section C

Figure 3.12 Sketch of breakwater sections Raichlen et al. (1992)

Two different definitions were used for the transmission coefficient by Raichlen et al. (1992)
depending upon whether the structure was exposed to regular or irregular waves. Figure 3.12
gives a sketch of the breakwater section, see also Annex 1.

For regular waves, the transmission coefficient was defined as the ratio of the significant
wave height of the transmitted waves to the wave height of the incident waves:

K, - Hg 4.0040; _ J2 0t (3.5)

in which
o7, o = variances of incident and transmitted, respectively.

Raichlen et al. (1992) defined the regular incident wave height as: H, = 2J§ci, This will be
discussed more fully later.

For irregular waves the expression used for the transmission coefficient was based on the
ratio of the square root of the energy in the wave, i.e., the square root of the ratio of
variances. If the wave height of the incident and the transmitted wave are distributed in the
same manner, this corresponds to the ratio of the significant wave heights:

K, = Hst = Ot (36)
Hy o

To demonstrate the relationship between the transmission of regular and irregular waves past
section C and D, the variation of the transmission coefficient with relative freeboard is
presented in Figure 3.13 for all data. However, to compare these waves it is necessary to
redefine both the transmission coefficient and the relative freeboard in terms which are
common to both types of waves. Since it is unrealistic to use the significant wave height to
describe a regular wave train, the square root of the variance, i.e., the root-mean-square of
the water surface time history, is used. Thus, the transmission coefficient is defined as the
square root of the ratio of the transmitted wave energy to the incident wave energy, ot/ c;, and
the relative freeboard is defined as the ratio of the crest freeboard R, to the square root of the
variance of the incident waves ;.

BN

ki
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Figure 3.13  The variation of the transmission coefficient with relative freeboard for regular
waves and irregular waves, sections C and D (Raichien et al., 1992)

The data in Figure 3.13 shows a reasonably well defined common variation of the
transmission coefficient of both regular and irregular waves. The transmission coefficient
corresponding to irregular waves is somewhat less than that for regular waves for the same
relative freeboard.

Wave transmission at impermeable breakwaters with a slope

In the following sections a review on previous studies with regard to wave transmission at
impermeable breakwaters with a slope are given. The regeneration of waves at the lee side of
the breakwater is for this type of breakwater the same as for vertical breakwaters.

In Hamer and Hamer (1982), Laboratory experiments with regular waves were used to
investigate wave transmission by overtopping for a smooth, impermeable breakwater with 1:4
slope. To define the wave transmission coefficient, Hamer and Hamer (1982) analysed the
transmitted waves behind the breakwater. In spite of periodic incident waves, the transmitted
waves showed irregularities. Due to the overtopping phenomena, higher harmonics arise. The
wave height distribution of the transmitted waves was estimated by drawing histograms. In
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case of little overtopping, a single-topped histogram was found. When overtopping increased
(Hus/H; is more than about 20%) a double-topped distribution resulted, see Figure 3.14.

S P ol
B ml s

H - ‘ Hy
15 4 I t1/3 15 1/3

| l
10 4 ] 10 T

5.( | 5

T T T T T
nnnnnnnnnnn M0N0 00O NN0N 0N a0
o g - N O Cmdoadd O« - NOCOmMmOCo NGO 8~
Cmooa NG d XN ~FrrNGNNMO OO0
H [mm] — H [mm] —

Figure 3.14  Histograms of measured wave heights behind the breakwater.
a. Hua/H = 0.15. b. Hys/H; = 0.30. (Hamer and Hamer, 1982)

When overtopping increased, the higher harmonics are fairly clearly distinguished. One top
represents the higher harmonics, the other top represents the first-order waves (basic waves).
The mean value of the second top coincided with the significant wave height Hus, taking all
wave heights in account. Because of the fact that the significant wave height in cases of little
overtopping also (nearly) coincides the top of the histogram concerned, this parameter was
chosen to characterise the wave motion behind the breakwater.. To have a (dimensionless)
wave transmission coefficient, Hamer and Hamer (1982) have chosen the parameter Hus/H:.

Hy1, /H = - -
Ry IN mvugane vy 0.69R /R, +0.58

H,1 /M = -0.89R. /R, +0.51
-3

LH - iy

v R

R, =yH L -tanoe
R. = Breakwater freeboard

Re /Ry

Figure 3.15 Test results of the wave transmission experiments (Hamer and Hamer, 1982)
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3.3

From the experiments a high correlation (y = 0.96) has been found between the wave
transmission coefficient Hys/H; and the normalized breakwater freeboard, when using Hunt's
formula for the theoretical periodic wave run-up height. The following relation has been found:

H ;
3 _ gl 051 (3.7)

Hi Ru

In Figure 3.15 the test results are given using the parameters RJ/R, and Hys/Hi. A
disadvantage is the lack of data when the breakwater freeboard becomes zero.

In De Jong (1996), a basic transmission formula for rubble mound breakwaters has been
derived, which includes the influences of crest width and slope angle. This formula has been
adapted to impermeable structures with a smooth slope. The formula predicting K; for
impermeable structures is found to be, based on curve fitting:

R B -0.31
K =-04-—5%+| —P—) *(1—9‘0'55)*0.80 (3.8)
Hsi \Hsi

in which
= tana (3.9)

For a vertical wall, the breaker parameter £ is infinite and the influence of £ has reached a
constant value of 0.80. However at vertical walls there is much more wave reflection than for
a quite steep slope, e.g. cot o = 1.5. Therefore the wave transmission should be lower
(energy balance). According to De Jong (1996), a slightly declining slope for values of £ going
to infinite should be used and not the proposed constant value of 0.80.

Wave overtopping on vertical and composite breakwaters

Wave overtopping on vertical and composite breakwaters is dealt with by Franco et al.
(1994). The results of an extensive model test investigation on the overtopping performance
of caisson breakwaters have been analysed to produce a new comprehensive conceptual
design method. A design formula and graph has been derived which relate the mean
discharge Q= Q/\/(g.HS?’) with the relative freeboard R./Hs. The general equation is given by:

Q :a'e"p(“qu (3.10)
Hs )

Franco et al. (1994) found that for vertical-face breakwaters b = 4.3 and a =0.192, which is
close to the one found by van der Meer and Janssen (1994) for sloping structures (a = 0.2);
the value a = 0.2 was then kept constant for the successive regressions with different
geometry’s which generally showed a high correlation coefficient (Figure 3.16).

Then the influence of structural modifications with reference to the vertical-face breakwater
can be described by suitable freeboard reduction factors (v), which are the ratios between the
reference value b = 4.3 and the various b coefficients fitted by equation 3.10 as given in
Figure 3.16.
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All the data can be plotted together (Figure 3.17) after correction of the R/H; values for each
geometry with the corresponding v, the general equation 3.10 thus becoming:

(3.11)

\
Q*:O_2-exp[~ 43 RCJ
Y Hs

which can be effectively used for the preliminary design of vertical breakwaters. The reliability
of the formula can be given by taking the coefficient 4.3 as a normally distributed stochastic
variable with a standard deviation o = 0.3.
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Adaptation of equation Goda (1969) for various caisson breakwater types

4.1

Section 4.1 tries to verify the applicability of the equation of Goda (1969) for irregular waves.
Furthermore in this chapter the various types of caisson breakwaters, as described in chapter
3, will be discussed and analyzed.

Applicability of equation of Goda (1969) for irregular waves

According to Takahashi (1994) the equation proposed by Goda (1969), based on regular wave
tests, is applicable to the transmission coefficient of irregular waves with a significant wave
height. However, the verification of the adaptability of the equation to irregular waves has not
be found in literature.

Experiments were conducted with regular and irregular waves by
Raichlen et al. (1992). In Figure 4.1 a sketch is given of the
breakwater section. Figure 4.2 shows the transmission coefficient
K; versus the relative crest height R/H; for regular and irregular
waves. The transmitted wave height used for regular and
irregular waves corresponds to the significant wave height. The
incident wave height used for irregular waves corresponds also
to the significant wave height. The wave transmission coefficient
K for regular waves seems a bit too large around the value 0.3

Figure 4.1 Sketch of
breakwater Raichlen et

al. (1992 .
( ) of the relative freeboard R./H..
Wave transmission coefficient Kt versus Rc/Hi, Data Raichlen
0,6 - -
§ | e Regular waves
i @ !
05 - e o . |
| L4 o rregular waves
o |
0.4 H 2§ H
{ : :. ® e
L] @
£ @
2
H 03 - i ’
§ @
8 O‘.
0.2 [o] o]
8 g o N
| ° o ®
0.1 I . s .
o8 o ° *
o
0 0,2 0,4 0,6 0.8 1 1.2
Rc/Hi
Figure 4.2 Wave transmission coefficient K; for irregular and regular waves, data

Raichlen et al. (1992). Transmitted wave height used for regular waves
corresponds to the significant wave height

From Figure 4.2 it can be seen that it is unrealistic to use the significant wave height to
describe a regular wave train. However, the applicability of the equation of Goda (1969) for

T
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irregular waves can be explained as follows. Instead of the significant transmitted wave height,
Goda used the average value of the transmitted waves to describe the wave transmission
coefficient. The relationship between the significant wave height and the average wave height,
assuming a Rayleigh distribution, is H =061 H, . In Figure 4.3 also a plot is made of the wave

transmission coefficient K; versus Ry/H; for regular and irregular waves. However, for regular
waves the average value of the transmitted waves is used instead of the significant wave

height.

Wave transmission coefficient Kt versus Rc/Hi, Data Raichlen
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Figure 4.3 Wave transmission coefficient K for irregular and regular waves, data

Raichlen et al. (1992). Transmitted wave height used for regular waves
corresponds to the average value of transmitted waves

The wave transmission coefficient corresponding to irregular waves is somewhat less than
that for regular waves for the same relative freeboard. This difference could be due to the
limited number of waves which can be used in the laboratory before waves reflected from the
offshore face of the structure affect the incident wave, and the difference in the overtopping
characteristics associated with a limited number of regular waves and the same number of
irregular waves.

In Figure 4.5 the wave transmission coefficient K, versus the relative freeboard R/Hs is given
for the data of M 2090, 1985 (conventional breakwater) and Funakoshi, 1994 (front parapet
breakwater). Also the equation of Goda (1969) is drawn in Figure 4.5. Figure 4.4 gives the
sketches of the two breakwaters.

[ —

Z AN yd N

M 2090 Funakoshi

Figure 4.4 Sketch of the two breakwaters

The incident and transmitted wave height corresponds to the significant wave height. As can
be seen from Figure 4.5 the equation of Goda (1969) gives good agreement with the data.
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4.2

Eq. Goda applicable for irregular waves?

1.8

0,4
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Figure 4.5 Applicability of equation of Goda (1969) for irregular waves

Discussion of various types of caisson breakwaters

The various types of caisson breakwaters described in chapter 3, are divided into three
groups, i.e. sloping top caissons, horizontally composite and conventional + parapet +
perforated breakwaters, to make it more convenient. Sketches of the various types of caisson
breakwaters are outlined in Figure 4.7. Figure 4.6 shows the wave transmission coefficient K,
versus the relative freeboard R /Hs for various types of caisson breakwaters. It can be easily
seen that the sloping top caisson has a relatively large transmission coefficient K; compared to
conventional and horizontally composite breakwaters, which is quite obvious.

All Data
e B I — _
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: o o sloping top caissons
; o
0,35
o 5° 0 hor. composite
A [s3e]
{1 o
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Figure 4.6 Wave transmission coefficient K, for various types of caisson breakwaters
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Sketches of the various types of caisson breakwaters, see also Annex 1




Adaptation of equation Goda (1969) for various caisson breakwater types

4.2.1

Also it can be seen from figure 4.6 that the value of K; for horizontally composite breakwaters
in general is less than corresponding values for conventional breakwaters. This could be due
to the wave energy dissipation caused by the concrete blocks in front of the caisson section of
the horizontally composite breakwater. However in Lee et al. (1994), see also chapter 3, the
wave transmission of the caisson type breakwater with wave energy dissipating blocks in front
of the caisson (type 1) has a larger wave transmission coefficient K; than the conventional type
breakwater (type IV). This is not in accordance with Figure 4.6. A reason has not be found.

For each group, i.e. sloping top caissons, horizontally composite and conventional + parapet +
perforated breakwaters, the different types are discussed in the following sections.

Sloping top caisson breakwaters

In Figure 4.7 the cross sections of the six types of sloping top caissons are given, see also
chapter 3 (Takahashi et al., 1996). As can be seen from Figure 4.8, looking at the data for type
1 and 3, the wave transmission coefficient K, is larger for the type where the slope of the
caisson starts below the still water level. Also K, is less for the caisson where the slope starts
above the still water level (type 2). K, becomes also large when the angle of the slope
becomes small (type 4 and 6). It is interesting to look at type 3 and 4. For both types the angle
of the slope is the same and also the point where the slope of the caisson starts (d; = -
21.8cm). However the crest freeboard R; is 32cm for type 3 and 16cm for type 4. The
influence of the crest freeboard R, is taken into account with the dimensionless parameter
R/H;. So it should be expected that the wave transmission coefficient K; is the same for both
types. However, for large values of the relative freeboard R./H; type 3 has a larger wave
transmission coefficient K, than type 4. It can be concluded that the angle of the slope, the
point where the slope starts (d,) in combination with the crest freeboard R., especially for large
values of R/H;, have an important influence on wave transmission for sloping top caissons.

Data sloping top caissons

04 T 7 I i -
. | o Takahashi, type 1
(o]
0,35 + :
" y o © Takahashi, type 2
A a Takahashi, type 3
03 e . L
! o Takahashi, type 4
A :
0,25 Y on o, ‘ x Takahashi, type 5 |
0 X
© °, A + Takahashi, type 6
- o % A
¥ 02 ;
+
o
| * HD ° o a “ a
0,15 L . -
o o x_ d
: | > + O O o
01 ( o o © o
: +
0,05 -
o
0 0,2 04 0,6 0,8 1 12 1.4 1,6 1.8 2

RciHs
Figure 4.8 Data sloping top caissons

Also can be seen from Figure 4.8 that the wave transmission coefficient K; is around 0.10 —
0.15 for a relative crest height R./H; of 1.7, which is quite large (especially type 3). So it is
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4.2.2

4.2.3

interesting to look at wave transmission for the region 2 < %C— < 3. However there is no data
i

available for this region.

Horizontally composite breakwaters

In Figure 4.7 the sketches are given of the cross sections of the horizontally breakwaters. All
the breakwaters have concrete blocks in front of the caisson. Figure 4.9 shows the wave
transmission coefficient K, versus the relative freeboard R./Hs for this type of breakwater. The
data of Tanimoto et al. (1987) is shown for the different values of the relative covering be/Ls,
see also chapter 3. It can be easily seen that the wave transmission coefficient K, decreases
as the relative covering be/L,s increases. For the data of Lee et al. (1994) and Raichlen et al.
(1992) the relative covering b/l is not known.

Data horizontaily composite breakwaters

0.4 —
4 Tanimoto, be/L1/3 = 0.05-0.07
0,35 E———r——— - -
EL o Tanimoto, be/L1/3 = 0.07-0.10
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¢ Tanimoto, be/L1/3 = 0.10-0.15
025 & A =
' o o Raichlen, section C T
¢ 02 00 X & x Raichlen, section D -
X A | :
o +
_ §§ Ay . +lee typel
8,15 P HR %S
X
° ;% "aa *
0.1 ° % 5 oo *
. a cog o2 T DDDD o ;
o B8 o° ‘o og o BT o o
0.05 ° [ e S 9’% < e~ ° Y vD e “ _
° © % . - i >
0 - -
o 05 1 16 2 25 3
RciHs
Figure 4.9 Data horizontally composite breakwaters

The difference between the two sections of Raichlen et al. (1992) is negligible. The value of
wave transmission coefficient K, for the sections of Raichlen et al. (1992) is less than
corresponding values for the sections of Tanimoto et al. (1987). The less wave transmission
could be due to the height of the caisson which is larger than the covering blocks in front of the
caisson.

As can be seen from Figure 4.9 the wave transmission for Lee et al. (1994), type 1, is rather
large. This could be due to the sloping face of the caisson, see Figure 4.7. However it is a bit
odd that this type of breakwater is the only horizontally breakwater which has a larger wave
transmission than the conventional breakwater.

Conventional, parapet and perforated breakwaters

In Figure 4.10 the wave transmission coefficient K; versus the relative freeboard R./Hs is
plotted for conventional, parapet and perforated breakwaters. The differences in wave

P
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transmission between the various types are not large. The conventional breakwater of Lee et
al. (1994), type IV has a relatively large wave transmission coefficient K, compared to the
conventional breakwater of M 2090 (1985). Also the perforated breakwaters, type I and Ilf of
Lee et al. (1994) have large wave transmission coefficient compared to the other breakwaters,
especially considered that for a perforated breakwater the wave transmission coefficient K;
should be reduced due to the wave absorbing behavior of this type of breakwater. It seems
that for each type of the breakwaters of lee et al. (1994) the value of the wave transmission
coefficient K; is a bit too large, see also section 4.2.2.

Data conventional + parapet + perforated breakwaters

0,35

. Olee, perforéted (type Il

03+ 7 o Lee, perforated (type 11l —

A Lee, conventional (type IV)

025 : T =
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(improved shape)
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0,2

Kt

015 |

+ >4>o+ES x X

4 UoN tests

01 - +

0,05 & g é e

] 05 1 1.5 2 25 3
Re/Ms

Figure 4.10  Data conventional, parapet and perforated breakwaters

The wave transmission coefficient K, of the other types, M 2090 (1985) and Funakoshi et al.
(1994), is what could be expected. For Funakoshi et al. (1994) see chapter 3.

The data of the UoN test (University of Naples) are the results of experiments for wave
transmission (only) over the breakwater (conventional type) in the range covered by

1< Tr:i <3 . The transmitted wave height is about 1-2% of the incident wave height and not

i
zero as seems suggested by Goga (1969). The effect of wave transmission through the rubble
mound of a breakwater in that range have a much stronger influence than wave transmission

over the breakwater.

4.3 Derivation of o and B in equation of Goda (1969) for various
types of caisson breakwaters

In this section for each type of breakwater given in Figure 4.7, the value of o« and B will be
derived. The aim of this section is to find any relation between the type of breakwater and the

value of o and B. The equation of Goda (1969) is now written as follows:




Wave fransmission at vertical breakwaters

o angle = 45 degrees
e angle = 56 degrees

- Regression line
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Figure 4.11 Relation between coefficient B and the parameter (R, + d;)/d
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Figure 4.12 Coefficient a, versus coefficient By
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2 2
i T Rc hl N
0-25[1 - S'nm[a: +B+ BXH +O.D1[1 —[RS- + I’XH

K = ;B+Bsw(a+ocx)<§9~<a+ax—(B+BX) (4.1)

S

0.1[1~(£'~+yxn ;%C“Zd+ax"(ﬁ+Bx)

S S

where o = 2.2 and § is obtained using Figure 3.1. The coefficients a,, By, and v, depend on the
type of breakwater. The coefficient v, has been introduced because for horizontally composite
breakwaters the transmission coefficient for large values of the relative freeboard R./Hs is

farger than the predicted value by 0.1-(1-h'/hs).

Equation 4.1 has been fitted with the least square method to each data set. The results are
given in table 4.1.

Vs
3.1 1.05 0 0.66 - 1.80
34 1.33 0 064 -1.86
26 0.33 0 064174
0.8 -0.18 0 042 -1.66
0.7 -0.28 0 0.42-166
1.0 0.01 0 0.32-1.79
Clhe Bhe Yhe
-0.4 -0.03 -0.3 0-0.82
0 0.16 -0.3 0-240
-0.2 0.23 -0.08 0-264
-0.8 -0.01 4] 0.26 - 0.71
-0.6 -0.57 0 0.95-1.55
e ﬁc Ye
-0.3 -0.22 0 0.95-1.55
-0.4 -0.31 0 0.95-1.55
0.1 -0.14 0 0.95 ~ 1.55
0.2 0.13 0 0.61-1.19
0.2 0.05 0 0.61-1.19
F -0.6 -0.25 0 059-1.19
M -0.9 -0.34 0 0.30 - 1.66

Table 41 - Té‘b‘ley for'""coéfﬁcients Oy, By, @nd vy

The wave transmission coefficient K; can now be calculated with the values of a, 8, and v, as
given in table 4.1. In Annex 3, Figure A3.1 till A3.18, the calculated results using equation 4.1
are plotted with the experimental results.

For the sloping top caisson breakwater a relation has been found between coefficient B and
the parameter (R, + d.)/d. This relation is shown in Figure 4.11. Figure 4.12 shows coefficient
oy versus coefficient By. For the other types no relations could be found.

A graph of the calculated versus measured wave transmission coefficient K; is given in Figure
4.13.

The standard deviation, o, of the scatter around the line Kt calcuated = K measured 1S @ criterion for
the reliability of the equation. The scatter has been described by a Normal distribution with an
average of zero and a certain standard deviation. A ¢ of 0.016 is obtained, which means a
90% confidence level of K, + 0.027.
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All Data

Kt_calculated

0.2 0,25 03 0,35 0.4
Kt_measured

Figure 413  Calculated versus measured wave transmission coefficient
The wave transmission coefficient K, is calculated with equation 4.1 using the values of the

coefficients as given in table 4.1. It should be noted that these values are determined for a
specific type of breakwater and not valid for other breakwater types.
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Development of a new model based on percentage overtopping waves

In this chapter it is tried to describe wave transmission due to overtopping with the percentage
of overtopping waves. More overtopping waves will give more wave transmission. The data
set of M 2090 contains besides the wave transmission coefficient also the percentage of
overtopping waves. A relation between wave transmission due to overtopping and the
percentage of overtopping waves is derived and also a relationship for the wave transmission
through the structure is given. The data set H 2137 is used to validate the formula derived
from data set M 2090. In section 5.5 the coefficients in this formula have been modified to the
sloping top caisson.

5.1 Description of model tests

DELFT HYDRAULICS has carried out various model tests where overtopping and
transmission were measured, i.e. report no. M 2080 (1985) and report no. H 2137 (1995). In
Annex 1 the various cross sections of the breakwaters are given. Annex 2 gives the various
test data.

Report no. M 2090 (1985)

Most of the tests were performed on a rubble mound breskwater and part of the tests, tests 12
till 18, were performed on a caisson breakwater. For tests 12 till 18 a complete caisson was
placed on a berm at MSL-5.0 m with a foreshore depth of MSL-6.0 m (or —10.0 m, test 12),
see Figure A1.1. A wave gauge was placed on top of the caisson to determine the number of
overtopping waves. Waves generated by overtopping were measured at the harbour side of
the caisson. Waves were generated at MSL—-13 m and propagated to the breakwater-sections
along the constructed foreshore. In Figure A1.1 the foreshore geometry is given.

The resuilts for overtopping and transmission are shown in Figure 5.1. Test 13, 14 and 16 were
performed with the annual storm wave height of 1.6 m. The percentage of overtopping waves
was 5% for tests 13 and 14 and 15% for the lower crest height. The transmitted wave height
for all these three tests was less than 0.1 m. Test 15 (low water level) and test 18 (clients
design) were run for the design wave height of the caisson. Generated wave heights were
0.13 m for the low water level and 0.32 m for test 18. The tropical storm gave 85% overtopping
waves and a wave height at the harbour side of 1.35 m. Compared with the rubble mound this
wave height is a little bit higher (test 6, step 6, 1.05 m).

100% - 3 15
Otest 12 i i otest 12

®test 13 : @test 13 ! H A

Otest 14 Ofest 14

®iest 15 Biest 15

fitest 16 Ctest 16

Atest 17 . Atest 17

a
g

Atest 18 Atest 18

Hst (m)

s
H

Qvertopping (%)

05

- : e

0% 4 - o
o 1 2 3 4 5 g i 2 3 4 3
Hsi (m) Hsi (m)

Figure 5.1 Caisson M 2090, overtopping and transmission
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RT3 p——
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Figure 5.2 Correlation between the percentage of overtopping waves and the relative freeboard,
rubble mound breakwater (Data M 2090)
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Figure 5.3 Correlation between the percentage of overtopping waves and the relative freeboard,

caisson breakwater (Data M 2090)




Development of a new model based on percentage overtopping waves

5.2

For the annual conditions the generated wave height at the harbour side is smalier for the
caisson than for the rubble mound. Test 12 give a transmitted wave height of 0.34 m and 40%
overtopping waves.

Report no. H 2137 (1995)

DELFT HYDRAULICS has carried out model tests on a shifted caisson breakwater for a site
specific location. For four tests wave transmission was measured and for three tests wave
overtopping. In Figure A1.2 the cross section of the breakwater is given.

Overtopping was measured at two levels, the total overtopping over the crest-wall, and at the
lower level of the wall at the lee-side of the service road on top of the breakwater. Part of the
overtopping water flowed away through drain pipes and did not overtop the wall at the lee-side
of the service road. With a deep water wave of Hy = 4 m (P001 and P002), the total
overtopping was between 5 and 10 I/s/m, of which only 2 to 4 I/s/m overtopped the wall of the
service road. With a deep water wave of Hs = 2 m (P003}, the overtopping was negligible (g <
0.01 Ifs/m).

The wave transmission in the harbour was mainly measured at some 350 m from the
breakwater head at a place that was protected from parasitic waves (e.g. diffraction at the
breakwater head. With an incident wave of Hy = 4 and 2 m, the wave transmission at this
location was about 3% (P002 and P003) of the deep water wave. With the deep water design
wave of He = 8.7 m the wave transmission increased to 4% (H; =0.26 to 0.35 m).

Relation between the percentage of overtopping waves and
relative freeboard

QOvertopping events occur unevenly both in time and amount, often just a few waves
overtopping among the thousands. Franco et al. (1994) gives a relationship between the
percentage of overtopping waves (Nq./N,,) and the relative freeboard R./Hs. The percentage of
overtopping waves N,./N,, is assumed to be Rayleigh distributed and can be expressed by the
following equation, Franco et al. (1994):

2
Now _ gyp-| 1 Re (5.1)
N, k H,

where k = 0.91 for caisson breakwaters, Franco et al. (1994).

In Figure 5.2 the percentage of overtopping waves versus the relative freeboard are plotted for
rubble mound breakwaters (data M 2090). The data of rubble mound breakwaters are plotted
to see if there is any influence of wave conditions or geometry of breakwater. The influence of
wave conditions and geometry of breakwater could not be seen from data of caisson
breakwater because of the few data points (only 7 measurements) available. For the caisson
breakwater, the percentage of overtopping waves versus the relative freeboard are plotted in
Figure 5.3.

As can be seen from Figure 5.2 the geometry of the breakwater and also wave conditions has
influence on the percentage of overtopping waves. A lower crest height, test 5, gives less
overtopping waves while a low water level gives more overtopping waves (test 3). Also the
slope and the permeability of the rubble mound breakwater has influence on the percentage of
overtopping waves. Also it can be seen that a longer wave period gives more overtopping
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waves. This can be explained as follows. A longer wave period means a lower wave
steepness, which will increase the run-up and therefore the overtopping rate.

Looking at Figures 5.2 and 5.3, the tendency of low water level (test 3 and 15) and low crest
height (test 5 and 16) with regard to clients design (test 1 and 12-13, 17-18) is the same for
both rubble mound and caisson breakwaters. For caisson breakwaters, a long wave period
seems to have no influence on the percentage of overtopping waves, as far as one can
conclude from one data point!

The percentage of overtopping waves Ny, /N,, is now assumed to be Weibull distributed, and
not Rayleigh distributed as assumed by Franco et al. (1994). The Weibull distribution of
Now/Ny can be expressed as follows:

w

n
Now _ axp- (152 (5.2)
N LK H,

Equation 5.2 has been fitted with the least square method to all the data of rubble mound
breakwater and to the caisson breakwater, test 12-13, 17-18 (Client design and tropical
storm). The value n varies between 2.7 and 3.9 and k between 0.5 and 0.98 for the rubble
mound breakwater, see table 5.1. For the caisson breakwater, test 12-13, 17-18, the value k =
0.73 and n = 2.0. From table 5.1 it can be seen that value n is around 3 for the rubble mound
breakwater with the same geometry (see cross-section in Figure A1.1), except for test 2 (long
wave period). A steeper slope (test 4) gives a lower value of n, i.e. n = 2.7, and a more
permeable structure gives a larger value of n (test 6, n is 3.5). The tendency of test 2 and 6
are the same which is not so strange while waves with a lower wave steepness propagate
much easier through the structure and waves also propagate easier to a more open structure.
It is concluded that the value n is constant for an impermeable structure. A value of n = 2.0 is
found for the caisson for clients design and is assumed constant. With n = 2.0 the value of k
has been derived for the different situations, see also table 5.1.

la—e Clients design
2a—~e Long wave period 0.79 3.9
3a—e Low water level 0.98 2.9
da—¢ Slope 1:1.5 0.68 27
S5a—e Low crest height 0.50 2.9
Ba—f Open core 0.76 3.5
12-13, 17-18 | Clients design, tropical storm 0.73 2.0
14 Long wave period 0.74 20
15 Low water level 1.12 2.0
| 16 Low crest height 0.64 2.0

Table 5.1 Values of k and n

The difference in values of k related to the k value of clients design is the same for rubble
mound and caisson breakwaters. A low water level gives a larger value of k and a lower crest
height gives a lower value of k. A longer wave period has no influence on the caisson
breakwater. It seems that the value k depends on the crest freeboard R, and the water depth d
over berm in front of the breakwater. A graph is made where k is plotted versus the crest
freeboard R, divided by the water depth d. for both caisson and rubble mound breakwaters. As
can be seen from Figure 5.4 the value k increases as R./d increases.

The value of k of 0.73 (clients design) is less than the value of 0.91 found by Franco et al.
(1994), equation 5.1. This could be due to range of validity for the relative freeboard R./Hs of
the data set of Franco et al. (1994), i.e. RJ/Hs > 1. Also the range of k is quite large, from k =
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5.3

0.64 for a low crest height till k = 1.12 for a low water level. The assumption that the
percentage of overtopping waves is Rayleigh distributed (n = 2.0) is only correct for caisson
breakwaters.

influence of Re/d on k

12

// Caisson, n=2
0,8 // ® l
/? o Rubble mound, n=3

x 06 :

! o//

0,4

0.2

0 |
0 0,2 04 06 08 1 12
Rec/d
Figure 5.4 Influence of R /d on the value k

More data is recommended to verify the values of k and n. The influence of a low water level
and a low crest height should be more thoroughly investigated.

The relation between the percentage of overtopping waves for caisson breakwaters as given
by equation 5.2 (n=2) can also be derived theoretically. Under the assumption that the
irregular incident waves follow a Rayleigh distribution and overtopping will take place when the
wave height H; is larger than the crest freeboard R, the percentage (probability) of
overtopping waves Ng,/N,, is expressed by the following equation:

Now _ 62@7] (5.3)

With n =2 and k = 1/+2 ~ 0.71 equation 5.2 will give equation 5.3. As can be seen from table
51, the values are of the same order of magnitude.

Relation between transmission and percentage of overtopping
waves

Transmitted waves are caused by wave overtopping and transmission through the breakwater.
The transmission coefficients by both causes are respectively denoted as Ky, and Ky, with the
total transmission coefficient K, being expressed as, after Tanimoto (1987):

Ki = \/Kto2 + Ktt2 (5.4)
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When there are no waves overtopping the breakwater, N,/N,, = 0, transmission is only due to
transmission through the breakwater. Creating a graph of the wave transmission coefficient
caused by overtopping waves K, versus the percentage of overtopping waves Now/Ny, a linear
regression line y = ax + b should have a value for parameter b of zero. K, is now
approximated by the following relation:

ow (5.5)

where o has to be derived from measurements.

From the total amount of overtopping waves a certain amount will overtop the breakwater to
fall into the water at the lee side to generate waves. The width of the breakwater as well as the
roughness or any obstacle on top of the breakwater will have influence on this process. These

factors are represented in the parameter o, see equation 5.5.

Cause the total transmission coefficient K, has been measured, the wave transmission
coefficient caused by transmission through the structure Ky has to be known to be able to
calculate the wave transmission coefficient caused by overtopping K. According to Goda
(1969) wave transmission through the structure is strongly influenced by the rubble mound
height. The wave transmission coefficient caused by transmission through the structure Ky is
expressed as follows:

ke = -1 Ji} (56)
L hs

The height and permeability of the rubble mound will have influence on transmission through
the structure. These factors are represented in the parameter 3, see equation 5.6.

Wave transmission caused by overtopping versus % overtopping
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Figure 5.5 Wave transmission coefficient Ky, versus percentage of overtopping waves
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Kt

When B is a known value, the transmission coefficient K, transmission caused by
overtopping, can be calculated with equation 5.5. The values of K, can be plotted versus the
percentage of overtopping waves and a linear regression analysis can be performed. § is now
chosen in such a way that the regression line fulfil equation 5.5. This procedure has be done
with the data of M 2090 for the caisson breakwater. A value of 0.15 for § has been found
which gives a mean value of 0.35 for «. Parameter a. can be assumed normally distributed
with a variation coefficient of 10% for a.. The linear regression line with the mean value of o is
shown in Figure 5.5.

More data points are recommended to verify the relation between the transmission coefficient
caused by overtopping K, and the percentage of overtopping waves. Because there is only
one data point for large values of percentage of overtopping waves (N,,/N,, > 60 — 70%), a
linear regression analysis should be handle with care.

Also can be said that there are data points needed of only wave transmission through the
structure to verify and/or approve the relation of the wave transmission coefficient Ky as given
in equation 5.5.

Discussion

Wave transmission is due to overtopping and transmission through the structure. In this
chapter the following expression is found for the wave transmission coefficient K

I 2 2
Ki= {a'exp(;%%\[ +[O.15~é/14~:—ﬂ (5.7)

where for conventional type of breakwater o = 0.35 and n = 2. The value k depends on the
crest freeboard and the water depth over the berm in front of the breakwater, see Figure 5.4.

Wave fransmission
Typical conditions: d/hs = 0.6 and h'/hs = 0.7
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Figure 5.6 Transmission coefficient for a vertical breakwater
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Figure 5.6 shows the wave transmission coefficient K; for vertical wall breakwaters for the
typical conditions d/hs = 0.6 and h'/hg = 0.7 using equation 5.3. Also the equation proposed by
Goda (1969) is plotted.

As can be seen from Figure 5.6 the value k, and therefore R./d, has a large influence on the
wave transmission coefficient K. So, a good prediction of the value k is necessary. Because
the value k proposed in this paper is based on a small data set, more data on caisson
breakwaters are needed to allow for a good prediction of the value k and thus the wave
transmission.

To allow for some information regarding the reliability of the derived formula, the standard
deviation of the difference between measured and calculated wave transmission should be
known. It is assumed that the scatter around the line Ki measured = Kt calcuiated CaN be described
by a Normal distribution with an average of zero and a certain standard deviation. A c of 0.015
is obtained, which means a 90% confidence level of K; + 0.025. Figure 5.7 shows the
measured versus the calculated wave transmission coefficient. The approach predicts wave
transmission for H 2137 satisfactory.

Measured vs. calculated wave transmission
Data M 2090 and H 2137
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Figure 5.7 Measured versus calculated wave ftransmission coefficient for conventional
breakwater

The approach as described above can be applied to other types of vertical breakwaters. The
approach for wave transmission through the structure has not to be modified, while for wave
transmission due to overtopping the coefficients k and n in equation 5.2 and a in equation 5.5
has to be derived for each type of breakwater.

In the following section it is tried to derive the coefficients k, n and o for sloping top caisson
breakwaters. The coefficients k, n and o have not been derived for the other types of
breakwaters because the data set of these breakwaters contains onily the wave transmission
coefficient and the relative freeboard, and not the geometry of the breakwater.
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Development of a new model based on percentage overtopping waves

5.5 Derivation of coefficients k, n and o for sloping top caissons

The cross sections of the six types of sloping top caissons are given in Annex 1, see also
chapter 3 (Takahashi et al., 1996). For each type of sloping top caisson the coefficients k, n
and o have been derived. It is assumed that the coefficient a in equation 5.5 only depends on
the angle of the slope and therefore constant for type 1 — 5. Equation 5.7 has been fitted with
the least square methaod to each data set. The resuits are given in table 5.2.

idity, Re/Hs
0.66 - 1.80

a
47

0 0.74

0.95
0.47 0.83 0.71 064-1.86
0.47 1.47 082 064-174
0.47 1.16 1.27 0.42-166
0.47 1.22 1.36 042-1.66
043 1.12 1.18 0.32-179

Table 5.2 | Coefficients a, k and n for sloping top caissons

The coefficient o is assumed to be dependent on the angle of the slope. For type 1 — 5 the
angle is 45°, type 6 has an angle of 56° and for conventional type 90°. In Figure 5.8 the
relation is given between the coefficient o and the angle of the slope.

Coefficient alpha versus the angle of the slope
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Figure 5.8 Relation between coefficient a and the angle of the slope

For the conventional type of breakwater coefficient k depends on the parameter R,/d. For the
sloping top caisson coefficient k depends on the parameter (R, — d.)/d, see Figure 5.9.

A constant value of coefficient n has been assumed for the conventional type of breakwater,
i.e. n = 2. For the sloping top caisson, different values of n has been found. It has been found
that the parameter (R, + d.)/d has influence on the coefficient n. In Figure 5.10 coefficient n
has been plotted versus parameter (R, + dg)/d.

More experiments are needed to verify the values of the coefficients k, n and «.
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Influence of (Rc-dc)/d on k
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Figure 5.10 Relation between coefficient n and (R, + d.)/d
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Development of a new model based on percentage overtopping waves

Kt_calculated

Figure 5.11 shows the measured versus the calculated wave transmission coefficient. The
scatter around the line Ki measured = Kt_catcutates CaN be described by a Normal distribution with an
average of zero and a certain standard deviation. A o of 0.018 is obtained, which means a
90% confidence level of K, + 0.030.

Measured vs. calculated Kt
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Figure 5.11 Measured versus calculated wave transmission coefficient for sloping top
caisson breakwater

The wave transmission coefficient K, is calculated with equation 5.7 using the values of the
coefficients as given in table 5.2.

The reliability of the wave transmission coefficient for sloping top caissons calculated with the
new model as well as with the equation of Goda (1969) by adaptation of the coefficients o and
B3, is about the same. However, for the new derived model relations have been found between
the coefficients and parameters characterising the sloping top caisson breakwater, which is
not the case for the equation of Goda (1969).

5-11

TPy

G S







Theoretical approach

6.1

6.1.1

The run-up, overtopping and transmission are mutually interrelated through the medium of
wave energy. This chapter tries to formulate the relations between the wave run-up height,
wave overtopping and wave transmission at vertical breakwaters to give a better insight in the
phenomenon wave transmission due to wave overtopping. Section 6.1 will deal with regular
waves, while section 6.2 gives an estimation for irregular waves. In section 6.3 the theoretical
approach will be discussed.

Regular waves

Overtopping

This section will describe a theoretical approach of wave overtopping. The method looks at
wave overtopping by applying the “calculation method for discharge of overflow weirs’.
Namely, overtopping waves on vertical breakwaters are regarded as complete overflows at
sharp crest weirs. This method is called the “weir model”. The weir model was originally
proposed by Kikkawa, Shi-igai and Kono (1969) to estimate wave overtopping rate. In Figure
6.1 a definition sketch is given of the weir model.

Figure 6.1 Definition sketch of the weir model

The well known formula which expresses the discharge over a sharp edged weir is as follows:

2
a=3my29y? (6.1)

where q is the discharge per unit width, m is the discharge coefficient and y is the overflow
depth. It is usually admitted that equation 6.1 is only valid for steady flow. However, assuming
that y does not change very rapidly with respect to time, equation 6.1 may be used for the
analysis of wave overtopping. Writing that

T
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Wave transmission at vertical breakwaters

y=nt-R, (6.2)

where n(t) is the surface elevation of waves over the breakwater measured from SWL, and R,
is the crest freeboard, the following quasi-steady equation for the overtopping discharge can
be obtained:

q-= %mﬁg (nt)-R, )2 (6.3)

Further writing n(t) as:
nt) = Nmax F(t) (64)

where F(t) is a non-dimensional function of time which expresses the wave profile at the
breakwater. nma is approximately equal to the wave run-up height R, but not the same one,
because normally the wave run-up height R, is measured without overtopping. If there is
overtopping, the reflection rate must change and R, and nnax cannot be of the same value.

Introducing the relationship k = nmadH;

3,/’,,

2 3/ R, )2
9=3my2g (kHi)rrfz{Fﬂ% <) (6.5)

If m and k are constant for a wave period, q can be integrated with respect to time.

t 4  — 3 to( R. 12
=2 dt =— H1i2 e | 66
=2 adt=gmy2g kH)2 [ Ry —T | o 66)
Z Rc
A where F(t) > forty <t <ty Qo
Wave direction kH;
B is the total discharge of
overtopping for a period per unit
““““ width of the breakwater. As
iRC / shown in Figure 6.2, t; is the time
t <4 o t, when z = R, and t; is the time
7 b when zZ = Nmax.

In case of sine waves,

. " F(t) = sin—zft . equation 6.6
Figure 6.2 Definition sketch T

becomes, in non-dimensional

form:
3/
3/ T 2
_\/9_3:3‘3[2—mk~2%j”4{sm%§t—fﬂ dt 6.7)
gH, 4 i

T . . .
where t; = — arcsin Re and T is the wave period.
i




Theoretical approach

6.1.2

The term m is the discharge coefficient for the flow over the weir and it will take the value of
0.5. The term k is a characteristic parameter and it is found experimentally to be a function of
the relative freeboard R./H; and is expressed as follows (for non-breaking waves):

k= 0.594%2+O.590 (6.8)

The effect of wind can be expressed by the change of k, while the breakers’ effect may not.
Wave transmission due to overtopping

In this section it is tried to give a relation between the wave overtopping discharge and wave
transmission. It is assumed that the mean wave overtopping discharge is a steady flow over a
sharp crest weir with an energy flux equal to the energy flux of the transmitted waves.

The mean overtopping discharge will be considered as a steady flow over a sharp crest weir
with an energy flux Fpo, see Figure 6.3. The expression for Fy,y is given by:

Frow =pgQ<H> (6.9)

inwhich Q = mean overtopping discharge, per unit length of structure [mals]
<H> = head of energy [m], see Figure 6.3.

Flow
Transmitted wave
i /\H t
— N
hs
==
Figure 6.3 Application of the method of energy flux
The head of energy <H> can be calculated by equation 6.10,
<H>=R,+E, (6.10)

in which E, can be calculated from the discharge formula (equation 6.11) when the flow is
critical,

Q:ngk,/ggEk 6.11)
where m is the discharge coefficient.

The energy flux of the transmitted wave Fy e Can be given by:

Fewave = 3P GHE Cg (6.12)
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where H, is the transmitted wave height and cq is the group velocity, expressed as follows:

-
cg:nc:l]1++2*‘~@- xC (6.13)
2| sinh2khg
in which ¢ is given by:
c:%:g—TtanhkhS (6.14)
T

According to Goda (1967), the transmitted waves produced by wave overtopping are
composed of many wave trains having the periods of T, T/2, T/3 etc.. In Raichlen et al.
(1992), a graph is given of the ratio of the average transmitted wave period with incident wave
period versus the relative freeboard R/H;. To give an estimation of the average transmitted
wave period, the following relation is given, based on Figure 6.4:

T R

—=-0.27—-5+0.69 (6.15)
T H
06
g
Q
0.5 a P
o
T /T 5o, 1o
04 A &
=] E)A «
o L ]
03 FE -
by O Telex hellsh
02710 T=10wx h=3350
_A Tatloec N=385H1 *
(R
® TaBswx h=305Ht
00
0.6 0 (L] 06 RC H’ 0% (¥}
Figure 6.4 The variation of the average transmitted period relative to the incident period

with relative freeboard for regular waves (Raichlen et al., 1992)

The transmitted wave height can now be obtained as follows:

Frow = Frwave (6.16)

With equations 6.9 and 6.12 this becomes:
|
H, = \F@:ﬂz (6.17)
nc
The transmission coefficient can now be calculated with the following equation:
8Q <H>
K,-p. H_p ¥t _nc (6.18)
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6.1.3

In equation 6.18 parameter D has been introduced, called dissipation factor. This has be
done to take into account energy losses. Also it is considered that errors caused from above
assumptions are included in D. The value of D should be determined by experimental results.

Determination of dissipation factor

In this section the dissipation factor D will be determined making use of the data set of Goda
(1969). The dissipation factor is now written as follows, using equation 6.18:

D:&M (6.19)

The dissipation factor D has been investigated on the influence of relative freeboard R./H;
wave steepness Hy/L, relative water depth h¢/L and relative crest width Bc/H;. In Annex 5,
figures (A5.1 till A5.4) are given of the dissipation factor versus the dimensionless parameters
mentioned before. Figure A5.3 shows the dissipation factor D versus the relative water depth
h/L with the proposed function (data fitting). This function is:

D:1.14-(1—%—J (6.20)

To investigate what the influence of the remaining parameters is, the following action has
been taken: the coefficient 1.14 is neglected and assumed to be a function of either R./H; or
Hi/L or B./H;. This function is called A

D
A_@_hs} (6.21)
L

Figures A5.5 till A5.7 show the results for known influence of the relative water depth h¢/L, so
for A. It is chosen to describe the function A with the relative freeboard R./H; as follows:

-1 A12-&

A=115¢ M (6.22)

The coefficient 1.15 in equation 6.22 has been investigated on influences of the remaining
parameters H/L and B,/H; However no influences are found. The following relation is now
proposed to describe the dissipation factor D:

h -1.12-2
D:1.15.(1~—Li]-e Hy (6.23)

The dissipation factor D has been determined by experimental results. The wave transmission
coefficient can now be calculated when the incident wave height H;, crest freeboard R, wave
period T and relative water depth h/L are known values.
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Influence of wave steepness on wave transmission
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Theoretical approach

6.1.4 Comparison theoretical approach with equation of Goda (1969)

6.2

In Figure 6.5 and 6.6 the influences on wave transmission of respectively wave steepness
Hi/L and relative water depth h¢/L are shown. Also the equation of Goda (1969) is plotted in
the figures. An increase of wave steepness will give an increase of wave transmission, see
Figure 6.5. When the relative water depth decreases, the wave transmission will increase
(Figure 6.6). The theoretical approach gives good agreement with the equation of
Goda(1969). The difference between the theoretical approach and the equation of Goda
(1969) is that the theoretical approach takes into account the relative water depth he/L and
the wave steepness Hi/L.

In Figure 6.7 the calculated wave transmission coefficient K,, calculated with the theoretical
approach as well as with the equation of Goda (1969), versus the measured wave
transmission coefficient K, is given. As can be seen from Figure 6.7, the scatter around the
line y = x is almost the same for both approaches.
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Figure 6.7 Calculated versus measured wave fransmission
Irregular waves

In this section irregular waves will be discussed. The irregular incident waves are assumed to
follow a Rayleigh distribution. The Rayleigh distribution is characterised by the single value of
Hs and can be described by:

F(H) = eWQ{'”;) (6.24)

where f(H,) is the probability of exceedance of wave height H,.
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Though the phenomenon wave transmission is highly non-linear, wave transmission in this
section is treated as a linear phenomenon. For each incident wave, the transmitted wave

height can be calculated with equation 6.25.
H, = Ki(H, R )-H,
where K({H;, R) is wave transmission coefficient for regular waves.

The expected value H; can now be calculated with:
E(Ht) - j Kt(Hi» Rc)' H- f(Hi)dHi
0

The variance H; will be:
Var(H,) = EHZ)- E(H,
in which

EH2)= [ (y(HR,)-H P f(H)aH

0
The standard deviation H; is given by:

olH)= yvar(H,)

In Figure 6.8 a sketch is given of the described approach.

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

v

Hi

f(Hi) &

Figure 6.8 Sketch of approach for irregular waves.
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With the method described above, also the significant wave height Hyz can be estimated.
Using the theoretical approach for regular waves as described in section 6.1 and the method
described above, the expected value of Hy, the standard deviation o(H;) and the significant
wave height Hy 3 are determined with the data of M 2090 and H 2137. The wave steepness
has been considered constant. Furthermore it is assumed that the waves will break when H,; >
0.78*hs. The broken waves will keep the wavelength they had before breaking. In table 6.1
the results are given.

T Calowlated Trwer
= | B ] et 1 He | KB factor
0.130 0270 0.300 0.600 0.240 0542
0.034 0.060 0.086 0.150 0.107 0.314
0.034 0.060 0.093 0.160 0.116 0.295
0.048 0.091 0.105 0220 0.086 0557
0.049 0.093 0116 0218 0.156 0312
17 0.324 0.922 0.824 1.880 0.448 0718
18 0.124 0282 0323 0641 0.249 0.497
001 0.051 0.127 0.148 0310 0.090 0.565
PO02 0.027 0130 0.149 0315 0.089 0.298
0.022 0.015 0.028 0.039 0.023 0.981
| | Poos 0.052 0.457 0.395 0.963 0173 0302
Table 6.1 Calculated and measured K, data M 2090 and H 2137

The method described above calculates the transmitted wave height caused by overtopping.
Transmission through the structure has not been taken into account. There the total wave
transmission coefficient K, has been measured, the transmission coefficient due to
overtopping K has been calculated with equation 3.1 using the equation for the wave
transmission coefficient caused by transmission through the structure Ky proposed by Goda
(1969), see equation 3.2. In Figure 6.9 the wave transmission coefficient due to overtopping
Kio, calculated and measured, has been plotted versus the relative freeboard R./Hi.

Wave transmission due to overtopping
Data M 2090 and H 2137
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Figure 6.9 Calculated and measured wave transmission coefficient due to overtopping
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6.3

As can be seen from Figure 6.9 the general tendency is in agreement. However, the
calculated values of Ky, are always greater than those of the measured values. This could be
due to the fact that wave transmission is highly non-linear.

Discussion

For regular waves, the theoretical approach describes wave transmission satisfactory.
However, for irregular waves the method as described in section 6.2, consequently over
estimates the wave transmission coefficient K; (=Hg/Hs;j), although the general tendency is in
good agreement. So it can be concluded that wave transmission of irregular waves at a
vertical breakwater can not be treated as a linear phenomenon.

It also should be noted that in case of the regular waves, the transmitted waves were
characterised by the average wave height and wave period. However, as indicated by Hamer
and Hamer (1982), transmitted waves do show irregularities. Especially when overtopping
increase, higher harmonics will clearly distinguish.
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Conclusions and recommendations

in this last chapter the conclusions and recommendations, which can be drawn from the study
wave transmission at vertical breakwaters, are mentioned.

7.1 Conclusions

s The relations describing wave transmission at vertical breakwaters derived by Goda
(1969), based on regular wave tests, are applicable to the wave transmission coefficient
K of irregular waves with a significant wave height.

e The equation of Goda (1969) can be used to describe wave transmission for various
types of caisson breakwaters by adaptation of the coefficients o and § (see table 4.1 on
page 4-9). A relation between the coefficients and a parameter characterising the type of
caisson breakwater could not be found.

e The sloping top caisson breakwater has a relatively large wave transmission coefficient
K; compared to conventional and horizontally composite breakwaters. The value of K; for
horizontally composite breakwaters is in general less than corresponding values of K; for
conventional breakwaters. The difference in wave transmission between conventional,
parapet and perforated breakwaters is not significantly large.

s«  Wave transmission is due to overtopping and transmission through the structure. In this
report the following expression is found for the wave transmission coefficient K.

Kt\/ (a-exp~( EC—T 2+[o.15-(1—£ﬂz (5.7)

where for conventional type of breakwater o = 0.35 and n = 2. The value k depends on
the crest freeboard and the water depth over the berm in front of the breakwater (see
Figure 5.4 on page 5-5). However, the influence of the berm has not been taken into
account for wave transmission due to overtopping. Also for sloping top caisson
breakwaters the coefficients o, n and k are determined (see table 5.2 and Figures 5.8 till
5.10 on page 5-9 and 5-10).

s The phenomenon wave transmission has been studied in a theoretical approach to get a
better insight in the process. The method as described in this report, however,
consequently overestimates the wave transmission coefficient K;, probably due to the
non-linearity of wave transmission.
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7.2 Recommendations

s More tests are needed to verify the coefficients o, n and k of equation 5.7 for
conventional and sloping top caisson breakwaters. Measurements of percentage of
overtopping waves and transmitted waves caused by the overtopping are recommended.
Also the wave transmission coefficient caused by transmission through the structure
should be more thoroughly investigated.

e Additional analysis should be performed to verify the influence of other less important
structural and hydraulic parameters, such as width of the breakwater, permeability of the
rubble mound and wave period.

e  Additional analysis should also be performed to evaluate the frequency characteristics of
transmitted waves.

o  Further work is necessary to take into account the effects of wave obliquity and
directional spreading.
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ANNEX 1

Figures of cross sections of the various types of
breakwaters
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Annex 2

Experimental Data on Vertical Wall breakwaters  Reguiar waves
hs (cm) |T(s) hs/L Rc (cm) |Hi_corrected (cm) [Ht(cm) |[Kt=Ht/Hi |Kr'=Hr/Hi {Hi/hs RciHi
Case | 50 0,8 05 10 11,33 0,85 0,075 0,462 0,2265 | 0,8829
Bc=40cm 50 0,8 0,5 5 11,69 1,56 0,133 0,352 0,2338 | 04278
50 0,8 05 0 12,17 3,41 0,280 0,314 0,2433 | 0,0000
50 0,8 05 30 9,83 0 0,000 0,538 0,1966 | 3,0518
50 0,8 0,5 20 10,42 0 0,000 0,543 0,2085 | 1,8187
50 0,8 0,5 10 9,37 0,75 0,080 0,548 0,1874 | 1,0671
50 0,8 0,5 5 9,05 1,45 0,160 0,502 0,1810 | 0,5526
50 0,8 0,5 0 9,34 3,25 0,348 0,433 0,1868 | 0,0000
50 0,8 05 30 5,22 0 0,000 0,639 0,1043 | 5,7500
50 0.8 05 20 5,71 0 0,000 0,587 0,1141 | 3,5052
50 0,8 05 10 5,18 0 0,000 0,496 0,1236 | 16186
50 0,8 0,5 5 5,85 0 0,000 042 0,1170 | 0,8547
50 0,8 0,5 0 5,95 1,46 0,245 0,469 0,1190 | 0,0000
Casell 50 1,05 03 30 20,68 0 0,000 0,409 04136 | 14507
Bc=40cm 50 1,05 03 20 21,71 1,8 0,083 0,468 0,4343 | 0,9211
50 1,05 0,3 10 12,86 1,55 0,121 0,689 0,2571 | 06,7779
50 1,05 0,3 5 13,83 33 0,239 0,636 0,2765 | 0,3616
50 1,05 03 0 13,50 4,63 0,343 0,557 0,2701 | 0,0000
50 1,05 03 10 11,84 0,68 0,057 0,609 0,2368 | 0,8445
50 1,05 03 5 943 2,08 0,218 0,624 0,1887 | 0,5300
50 1,05 0,3 0 9,33 433 0,464 0,534 0,1866 | 0,0000
50 1,05 0,3 30 7,17 0 0,000 0,752 0,1435 | 4,1816
50 1,05 0,3 20 7,37 0 0,000 0,738 01473 | 2,7148
50 1,05 0,3 10 8,92 0 0,000 0,438 0,1784 | 1,1211
50 1,05 0,3 5 6,98 i 0,143 0,46 0,1396 | 0,7163
50 1,05 0,3 0 7,91 2,49 0,315 0,499 0,1582 | 0,0000
Case lll 50 1,36 02 30 22,36 1,74 0,078 0,566 04473 | 13415
Be=40cm 50 1,36 0,2 20 23,16 4,15 0,179 0,612 0,4632 | 0,8635
50 1,36 02 10 23,13 4,82 0,208 0,663 04625 | 04324
50 1,36 02 5 24,93 8,46 0,339 0,661 0,4985 | 0,2006
50 1,36 0,2 0 24,55 9,54 0,389 0,543 04911 | 0,0000
50 1,36 02 10 18,37 4,07 0,270 0,702 0,3675 | 0,5442
50 1,36 0,2 5 19,00 562 0,296 0,503 0,3799 | 0.2632
50 1,36 0,2 0 17,23 6,07 0,352 0,567 0,3446 | 0,0000
50 1,36 072 5 15,30 2,88 0,188 0,586 0,3059 | 0,3269
50 1,36 0,2 0 11,73 4,77 0,407 0,475 0,2346 | 0,0000
50 1,36 0.2 0 9,50 2,97 0,313 0,388 0,1900 | 0,0000
Case IV 50 1.8 0,14 30 19,90 0,88 0,044 0,417 0,3981 | 1,5072
Be=40cm 50 1,8 0,14 20 19,72 1,21 0,061 0,483 0,3944 | 1,0142
50 1,8 0,14 10 17,91 2,39 0,133 0,6 0,3582 | 0,5584
50 1,8 0,14 5 17,25 525 0,304 0,623 0,3450 | 0,2899
50 1,8 0,14 0 17,04 7,65 0,449 0,569 0,3408 | 0,0000
50 1,8 0,14 30 11,16 0,65 0,058 0,517 02231 | 2,6889
50 1,8 0,14 20 13,61 0,65 0,048 0,485 0,2722 | 14697
50 1,8 0,14 10 15,08 1,06 0,070 0,634 0,3016 | 0,6632
50 1,8 0,14 5 14,34 2,62 0,183 0,652 0,2868 | 0,3486
50 1,8 0,14 0 11,62 5,05 0,435 0,624 0,2324 | 0,0000
50 1,8 0,14 30 11,07 0 0,000 0,638 0,2215 | 2,7089
50 1,8 0,14 20 13,03 0 0,000 0,562 0,2607 | 1,5345
50 1,8 0,14 10 8,73 045 0,052 0,659 0,1745 | 1,1458
50 1,8 0,14 5 7,60 0,54 0,071 0,753 0,1519 | 0,6582
50 1,8 0,14 0 8,45 35 0414 0,716 0,1690 | 0,0000
50 1,8 0,14 10 5,67 0 0,000 0,669 0,1135 | 17627
50 1,8 0,14 5 5,55 0 0,000 0,669 0,1110 | 0,9009
50 1,8 0,14 0 5,04 1,46 0,289 0,686 0,1009 | 0,0000
Data of Goda (1969) Table A2.1
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hs {cm) |T(s) hsiL Rc (cm) [Hi_corrected (cm) {Ht (cm) |Kt=HtHi |Kr=Hr/Hi Hi/hs Rc/Hi
CaseV 35 1,5 0,14 10 15,29 23 0,150 0,534 0,4368 | 0,6542
Bc=40cm 35 1,5 0,14 5 15,12 3,19 0,211 0,478 04319 | 0,3307
35 1,5 0,14 0 14,18 5,41 0,381 0,494 0,4052 | 0,0000
35 1,5 0,14 10 11,12 1,12 0,101 0,493 0,3178 | 0,8990
35 1,5 0,14 5 10,51 1,74 0,166 0,572 0,3003 | 04758
35 1,5 0,14 0 8,85 2,65 0,299 0,552 0,2529 | 0,0000
35 1,5 0,14 10 8,82 0 0,000 0,303 0,2520 1,1338
35 1,5 0,14 5 6,98 0,2 0,029 0,362 0,1984 | 0,7163
35 1,5 0,14 0 5,83 1,69 0,290 0,465 0,1666 | 0,0000
Case Vi 35 2 0,1 10 16,67 4,18 0,251 0,39 0,4762 | 06000
Bc=40cm 35 2 0,1 5 16,60 5,48 0,330 0,433 0,4743 0,3012
35 2 0,1 0 13,83 5,45 0,394 0,441 0,3953 0,0000
35 2 0,1 10 9,53 0,45 0,047 0,479 0,2722 1,0497
35 2 0,1 5 13,10 1,66 0,127 0,379 0,3743 0,3816
35 2 0,1 0 10,18 2,64 0,259 0,465 0,2909 0,0000
35 2 0.1 10 4,05 0 0,000 0,69 0,1156 24709
35 2 0,1 5 4,43 0 0,000 0,626 0,1265 1,1290
35 2 0,1 0 3,46 0,97 0,280 0,608 0,0988 0,0000
Case Vi 35 2,76 0,07 10 12,88 3,3 0,256 0,409 0,3680 | 0,7765
Bc=40cm 35 2,76 0,07 5 14,00 3,84 0,274 0,361 0,4000 | 0,3571
35 2,76 0,07 0 11,69 4,74 0,406 0,393 0,3340 | 0,0000
35 2,76 0,07 10 11,15 1,77 0,159 0,381 0,3186 | 0,8968
35 2,76 0,07 5 11,80 2,03 0172 0,334 0,3371 0,4238
35 2,76 0,07 0 9,16 3,08 0,336 0,341 0,2618 | 0,0000
35 2,76 0,07 10 5,33 0 0,000 0,546 0,1522 1,8772
35 2,76 0,07 5 4,80 0 0,000 0,582 0,1372 1,0413
35 2,76 0,07 0 3,78 1,19 0,315 0,571 0,1080 | 0,0000
Case Vil 50 1,8 0,14 0 20,16 7,63 0,378 0,573 0,4032 0,0000
Bc=40cm 50 1,8 0,14 0 19,46 7,44 0,382 0,544 0,3893 0,0000
50 1,8 0,14 0 17 47 6,33 0,362 0,591 0,3494 0,0000
50 1,8 0,14 0 15,76 5,81 0,369 0,586 0,3152 0,0000
50 1,8 0,14 0 13,96 5,08 0,364 0,624 0,2791 0,0000
50 1,8 0,14 0 12,82 4,87 0,380 0,621 0,2564 0,0000
50 1,8 0,14 0 10,99 3,92 0,357 0,63 0,2197 0,0000
50 1,8 0,14 0 9,34 3,24 0,347 0,656 0,1869 0,0000
50 1,8 0,14 0 8,11 1,92 0,237 0,678 0,1621 0,0000
50 1,8 0,14 0 6,31 1,5 0,238 0,692 0,1262 0,0000
50 1,8 0,14 0 4,93 1 0,203 0,774 0,0986 0,0000
50 1,8 0,14 0 3,00 05 0,167 0,667 0,0600 0,0000
Continued Table A2.1




Experimental Data on Horizontally composite breakwaters

For all data h'th, = 0.6

Annex 2

Irregular waves

be/Lys= 0.05 - 0.07 be/Lys= 0.07 - 0.10 bo/Lys= 0.10 - 0.15
Kt Rcl Hsi Kt Rc/ Hsi Kt Rcl Hsi
0,123 0,82 0,07 2,4 0,042 2,64
0,121 0,74 0,061 2,22 0,052 2,505
0,145 0,64 0,067 1,91 0,058 2,37
0,16 0,58 0,076 1,56 0,036 2,22
0,166 0,53 0,075 1,47 0,048 2,19
0,21 0,48 0,07 1,38 0,045 2,04
0,2 0,47 0,068 1,29 0,061 1,71
0,19 0,45 0,072 1,23 0,054 1,49
0,22 0,39 0,07 1,12 0,056 1,425
0,23 0,385 0,085 1,12 0,036 1,395
0,223 0,37 0,086 1,07 0,042 1,38
0,26 0,3 0,078 1,04 0,048 1,305
0,35 0 0,088 1,02 0,036 1,305
0,358 0 0,091 0,98 0,047 1,23
0,364 0 0,102 0,97 0,055 1,22
0,369 0 0,091 0,91 0,035 1,29
0,375 0 0,091 0,86 0,052 1,19
0,381 0 0,108 0,92 0,055 1,18
0,388 0 0,12 0,84 0,05 1,17
0,15 0,76 0,073 1,07
0,14 0,74 0,054 1,06
0,145 0,73 0,066 1,05
0,121 0,68 0,055 0,97
0,2 0,67 0,073 0,94
0,13 0,62 0,0697 0,88
0,145 0,58 0,085 0,833
0,175 0,52 0,091 0,82
0,22 0,41 0,085 0,79
0,21 0,39 0,085 0,69
0,215 0,36 0,085 0,65
0,23 0,36 0,083 0,73
0,31 0 0,087 0,74
0,314 0 0,1 0,65
0,32 0 0,097 0,64
0,33 0 0,12 0,55
0,333 0 0,11 0,54
0,336 0 0,13 0,54
0,34 0 0,11 0,52
0,345 0 0,127 0,5
0,352 0 0,15 0,49
0,115 0,48
0,12 0,41
0,17 0,39
0,31 0,02
0,26 0,01
0,25 0
0,26 0
0,28 0
0,29 0
0,295 0
0,297 0
0,3 0
0,31 0

Data of Tanimoto (1987)

Table A2.2
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Experimental Data on sloping top caisson breakwaters

irregular waves

hs (cm) d{cm) R. (cm) o (G) d; {cm) K, R./Hy;
Type 1 1044 80 32 45 0 0,125 1,8
1044 80 32 45 0 0,136 1,604
1044 80 32 45 0 0,122 1,58
1044 80 32 45 0 0,11 1,58
1044 80 32 435 0 0,127 1,09
1044 80 32 45 0 0,169 0,98
1044 80 32 45 0 0,15 0,96
1044 80 32 45 0 0,21 0,75
1044 80 32 45 0 0,253 0,66
Type 2 1044 80 32 45 8 0,098 1,86
1044 80 32 45 8 0,12 1,64
1044 80 32 45 8 0,094 1,62
1044 80 32 45 8 0,1125 1,15
1044 80 32 45 8. 0,16 1,02
1044 80 32 45 8 0,145 1
1044 80 32 45 8 0,178 0,75
1044 80 32 45 8 0,23 0,64
Type 3 1044 80 32 45 -21.,8 0,145 1,74
1044 80 32 45 -21,8 0,164 1,74
1044 80 32 45 -21,8 0,173 1,64
1044 80 32 45 -21,8 0,164 1,49
1044 80 32 45 -21,8 0,21 1,21
1044 80 32 45 -21,8 0,225 1,13
1044 80 32 45 -21.,8 0,197 1
1044 80 32 45 -21.8 0,27 0,79
1044 80 32 45 -21.8 0,32 0,64
Type 4 1044 80 16 45 -21,8 0,098 1,66
1044 80 16 45 -21,8 0,13 1,51
1044 80 16 45 -21,8 0,155 1,32
1044 80 16 45 -21,8 0,2 0,91
1044 80 16 45 -21,8 0,234 0,9
1044 80 16 45 -21,8 0,26 0,87
1044 80 16 45 -21,8 0,23 0,83
1044 80 16 45 -21,8 0,32 0,6
1044 80 16 45 -21,8 0,3 0,53
1044 80 16 45 -21.,8 0,34 0,59
1044 80 16 45 -21,8 0,36 0,415
Type 5 1044 80 16 45 -27,6 0,1125 1,66
1044 80 16 45 -27.6 0,13 1,55
1044 80 16 45 -27.6 0,15 1,39
1044 80 16 45 -27.6 0,24 0,96
1044 80 16 45 -27.6 0,21 0,91
1044 80 16 45 -27,6 0,25 0,79
1044 80 16 45 -27,6 0,31 0,68
1044 80 16 45 -27,6 0,35 0,64
1044 80 16 45 -27.6 0,33 0,53
1044 80 16 45 -276 0,38 0,42
Type 6 1044 80 16 56 -21,8 0,084 1,?9
1044 80 16 56 -21.8 0,108 1,51
1044 80 16 56 -21,8 0,141 1,36
1044 80 16 56 -21,8 0,17 0,92
1044 80 16 56 -21,8 0,25 0,89
1044 80 16 56 -21,8 0,22 0,85
1044 80 16 56 -21,8 0,19 0,83
1044 80 16 56 -21,8 0,26 0,6
1044 80 16 56 -21,8 0,336 0,41
1044 80 16 56 -21.8 0,35 0,32

Data of Takahashi (1996)

Table A2.3



Experimental Data on parapet breakwaters

For all data d/h, =0,6 - 0,7

Annex 2

Front parapet

Rear parapet
(basic shape)

Rear parapet

(improved shape)

Kt Rcl Hsi Kt Rc, Hsi Kt Rcl Hsi
0,0725 1,19 0,08 1,19 0,0625 1,19
0,115 0,85 0,1325 0,85 0,09 0,91
0,17 0,64 0,205 0,64 0,075 0,905
0,1625 0,63 0,1575 0,63 0,1125 0,85
0,19 0,61 0,215 0,61 0,1025 0,79
0,18 0,64

0,14 0,62

0,22 0,61
0,19 0,585

Data of Funakoshi (1994)

Experimental Data on various types of breakwaters

Irregular waves

Table A2.4

Irreqular waves

Type | Type ll Type HI Type IV

Kt Rcl Hsi Kt si Kt Rcl Hsi Kt si
0,175 0,95 0,11 0,95 0,125 0,95 0,12 0,95
0,11 1,14 0,069 1,14 0,075 1,14 0,081 1,14
0,055 1,35 0,035 1,35 0,04 1,35 0,04 1,35
0,125 1,1 0,096 1.1 0,085 1.1 0,096 1,1
0,071 1,3 0,05 1,3 0,054 1,3 0,06 1,3
0,03 1,55 0,03 1,55 0,04 1,55 0,04 1,55

Data of Lee (1994) Table A2.5

Experimental Data on horizontally composite breakwaters

Regular waves Irregular waves
section C section D section C section D

K R/H; K; R./H; K R./Hs; K; Rc/Hg;
0,555 0,31 0,405 0,31 0,045 0,645 0,185 0,255
0,546 0,31 0,402 0,33 0,06 0,585 0,175 0,265
0,53 0,31 0,39 0,33 0,07 0,595 0,17 0,265
0,48 0,31 0,375 0,35 0,04 0,588 0,1325 0,4
0,44 0,33 0,35 0.4 0,075 0,705 0,1675 0,305
0,41 0,33 0,333 0,46 0,07 0,705 0,161 0,305
0,37 0,33 0,29 0,54 0,055 0,71 0,145 0,423
0,385 0,35 0,15 0,81 0,2075 0,258 0,1175 0,49
0,38 0.4 0,195 0,265
0,347 0,46 0,1425 0.4

0,3 0,54 0,15 0,305

0,14 0,81 0,208 0,318
0,505 0,28 0,11 0,423

0,42 0,31 0,09 0,49

0,39 0,36
0,373 0,44

0,29 0,57
0,502 0,31
0,492 0,34
0,425 0,39
0,376 0,46

0,28 0,57
0,502 0,312

0,24 0,75

0,26 0,75
0,248 0,79
0,248 0,81

0,18 0,85

0,12 0,93
0,063 1,05

Data of Raichlen (1982) Table A2.6

P




Annex 2

Experimental Data on conventional breakwater

Irregular waves

test Hgi(m) He(m) |R. (m) Ky Re/Hsi h (m) Tp (s) Sp Be/lo | Be/Hy | Hyifhs
1a 0,9 0,08 2 10,0889 22222 7 48 |0,025] 0,083 13,3333]0,129
1b 1,48 0,1 2 10,0676(1,3514] 7 6,2 |0,025( 0,05 202710211
1c 21 0,18 2 10,085710,9524| 7 7 0,027 0,039 |1,4286} 073
1d 2,52 0,28 2 10111110,7937) 7 7.3 0,03 | 0,036 }1,1905] 0,36
1e 3,08 0,51 2 10,165610,6494| 7 79 10032]0,03110974} 0,44
2a 1,05 0,09 2 100857(1,9048] 7 6,7 10,015]0,04312,8571}| 0,15
2b 1,42 0,16 2 10,112711,4085| 7 7,6 10,016] 0,033 12,1127} 0,203
2c 21 0,3 2 10,1429]10,95241 7 91 |0,016] 0,023 |1,4286] 0,3
2d 2,38 0.4 2 (0,168110,8403] 7 92 |(0018{0,02311,2605| 0,34
2e 2,86 0,56 2 10,1958|0,6993| 7 10,1 10,0181 0,019 1,049 | 0,409
3a 1,18 0,03 2 100254116948 5 49 10,032] 0,08 |2,5424]0,236
3b 1,6 0,05 4 10,0313 2,5 5 6,1 10,028 0,052| 18751 0,32
3c 2,2 0,08 4 100364118182 5 7 0,0291 0,039 11,3636} 0,44
3d 2,65 0,09 4 0,034 11,5094 5 7.5 0,03 | 0,034 {1,1321] 0,53
3e 3,08 0,1 4 10,0325(1,2987| 5 76 10,034]0,033] 0,974 108616
4a 1,03 0,09 2 100874118417 7 49 10,027] 0,08 [2,9126]0,147
4b 1,46 0,13 2 0,089 11,3699 7 8,2 |0,0241 0,05 [2,0548] 0,209
4c 2,08 0,21 2 0,101 {0,9615] 7 7,1 10,026} 0,038 |1,4423]0,297
4d 2,52 0,29 2 10115110,7937| 7 7,5 10,028} 0,034 {1,1905| 0,36
4e 2,84 0,36 2 10,1268(0,7042( 7 7,9 [0,029( 0,031 | 1,05631 0,406
5a 1,02 0,16 1 0,156910,9804 7 49 10,027 0,08 [2,941210,146
5b 1,46 0,27 1 0,184810,6849f 7 6 0,026 | 0,053 {2,0548( 0,209
5¢c 2,08 0,47 1 0,226 {10,4808] 7 6,9 10,028 0,04 [1,4423|0,297
5d 2,46 0,63 1 0,256110,40685] 7 7,6 10,0271 0,033 11,2195 0,351
5e 2,8 0,76 1 02714103571} 7 7,9 10,029} 0,31 |1,0714f 0,4
ba 1,03 0,13 2 10/1262(1,9417] 7 48 10,0291 0,083 12,9126| 0,147
&b 1,46 0,16 2 {0,1096}1,3699( 7 62 10024] 0,05 ]2,0548! 0,209
Bc 2,08 0,25 2 101202109615 7 7 0,027 | 0,039 |1,4423] 0,297
6d 2,52 0,34 2 10,1349[0,7937| 7 75 10,0291 0,034 11,1905| 0,36
be 2,84 0,42 2 10,1479|0,7042] 7 7,9 10,0291 0,031 |1,0563] 0,406
ef 4 1,05 2 102625] 05 7 10 10,026| 0,019 0,75 | 0,571
13 1,4 0,05 1,75 10,0357 125 | 7,5 58 |0,027| 0,05 |6,0714/0,187
14 1,38 0,05 1,75 10,0362]1,2681] 7.5 74 10,0161 0,03916,15941 0,184
15 2,56 0,13 425 |0,0508)1,6602] 5 7.6 (0,028 0,034 |3,3203} 0,512
16 1,4 0,07 1,25 ] 0,05 |0,8929] 75 58 0,027 0,031|6,0714| 0,187
17 42 1,35 125 {0,3214]10,2976] 8 102 {0,026 0,052 12,0238} 0,525
18 2,57 0,32 1,75 10,1245 0,6809| 7,5 7.4 0,031 01 |3,3074]0,343
12 25 0,34 1,75 10,136 | 0,7 7.5 74 (0029 01 34 10,333
Data of M2090 Table A2.7

Experimental Data on conventional breakwater Irregular waves

test | Ha(m) | T,(s) |R.(m)| R/Hg | Hy(m)| K,

P001 | 3,464 | 1028 | 59 | 1,703 |0,1833]0,053)

PO02 3,52 10,13 59 | 1,676 10,1083(0,031

POO3 | 1,728 6,96 6,1 3,53 10,0467 0,027

PO04 | 5574 12,98 54 | 0,968 ] 0,3033] 0,054

Data of H2137 Table A2.8
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Sloping top caisson, type 2
Data Takahashiet al., 1996
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Sloping top caisson, type 3
Data Takahashiet al., 1996
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Sloping top caisson, type 4
Data Takahashiet al., 1996
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Sloping top caisson, type 5
Data Takahashiet al., 1996
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Sloping top caisson, type 6
Data Takahashiet al., 1996
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Horizontally composite breakwaters, be/L1/3 = 0.05-0.07
Data Tanimoto et al., 1987
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Horizontally composite breakwaters, be/L1/3 = 0.07-0.10
Data Tanimoto et al., 1987
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Horizontally composite breakwaters, be/L1/3 = 0.10-0.15
Data Tanimoto et al., 1987
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Horizontally composite breakwaters, type |
Data Lee et al., 1994
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Perforated breakwater, type lli
Data Lee et al., 1994
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Conventional breakwater, type IV

Data Lee et al., 1994
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Rear parapet breakwater, basic shape
Data Funakoshi et al., 1994
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Rear parapet breakwater, improved shape
Data Funakoshi et al., 1994
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Conventional breakwater
Data M 2090

e Data

— Best fit

0,2

0,4

0,6 0,8 1
Rc/Hs

Figure A3.18

1,2

1.4

1,6

1

1,8

i) ¥ TSR

T



ANNEX 4

Figures for Chapter 5
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Sloping top caisson, type 1
Data Takahashi et al., 1996
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Sloping top caisson, type 2
Data Takahashi et al., 1996
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Sloping top caisson, type 3
Data Takahashi et al., 1996
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Data Takahashi et al., 1996
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Sloping top caisson, type 6
Data Takahashi et al., 1996
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Figures for Chapter 6
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Annex 5

Dissipation factor D versus relative water depth hs/L
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Dissipation factor D versus relative water depth Bc/Hi
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Influence relative freeboard Rc/Hi
with known influence of relative water depth hs/L
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Influence relative freeboard Bc/Hi
with known influence of relative water depth hs/L
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ANNEX 6

Table of Normal distribution




Annex 6

Two-sided truncated Normal distribution, N(O. 1)

kK 0 1 2 3 4 5 6 7 8 g
0.0] 0.0000  0.0080  0.0160 0.0239  0.0319  0.0338  0.0478  0.0558  0.0638  0.0717
o.4] 00797 0.0876 00955 0.1034  0.1113 01182 01271 01350 0.1428  0.1507
02 0.1585 0.1663 0.1741 0.1818 0.1897 0.1974 0.2051 0.2128 0.2205 0.2282
03] 0.2358 0.2424 0.2510 0.258¢6 0.2581 0.2737 0.2812 0.2886 0.2961 0.3035
0.4 0.3108 0.3182 0.3255 0.3328 0.3401 0.3473 0.3545 0.3516 0.3688 0.3758
0.5 0.3829 0.3889 0.3969 0.4039 0.4108 0.4177 0.4245 0.4313 0.4381 0.4448
0.6 0.4515 0.4581 0.4647 0.4713 0.4778 0.4843 0.4907 0.4971 0.5035 0.5088
0.7 0.5161 0.5223 0.5288 0.5348 0.5407 0.5487 0.5327 0.5587 0.5646 0.5708
0.8 0.5763 0.5821 0.5878 0.5835 0.5891 0.6047 0.6102 0.8157 0.6211° 0.8265
0.9 0.6319 0.6372 0.6424 0.6476 0.6528 0.e579 0.682% 0.6880 0.6729 0.8778
1.0 0.6827 0.6873 0.6923 0.6970 0.7017 0.7063 0.7109 0.7154 0.7199 0.7243
1.1 0.7287 0.7330 0.7373 0.7415 0.7457 0.7499 0.7540 0.7580 0.7620 0.7660
12 0.7688 0.7737 Q.7778 0.7813 0.7850 0.7887 0.7923 0.79589 0.7988 0.8029
1.3 0.8064 0.8098 0.8132 0.8165 0.8188 0.8230 0.8252 0.8283 0.8324 Q.8385
1.4 0.8385 0.8415 0.8444 0.8473 0.8501 0.8528 0.8857 0.8584 0.8611 0.8838
1.5 0.86554 0.8680 0.8715 0.8740 0.8784 0.8789 0.8812 0.8836 0.8858 0.8882
1.8 0.8904 0.8926 0.8948 0.8569 0.8990 0.9011 0.5031 0.9051 0.8070 0.8080
1.7 0.9109 0.9127 0.9146 0.9184 0.9181 0.91899 0.9218 0.9233 0.9248 0.9265
1.8 0.9281 0.5287 0.8312 0.8328 0.9342 0.9357 0.8371 0.9385 0.8399 0.9412
1.8 0.8426 0.8439 0.5451 0.9464 0.9478 0.8488 0.8500 0.9512 0.9523 0.9534
20 0.9545 0.9588 0.8566 0.8576 0.8586 0.89588 0.9606 0.9615 0.9625 0.9634
2.1 0.8643 0.9651 0.5680 0.568623 0.568786 0.5634 0.5682 0.89700 0.9707 0.9715
2.2 0.9722 0.9729 0.9736 0.9743 0.9749 0.9758 0.9782 0.9768 0.9774 0.9780
23 0.9788 0.8791 0.9797 0.9802 0.9807 0.8812 0.9817 0.9822 0.9827 0.9832
2.4 0.9838 0.9840 0.5845 0.9848 0.5853 0.9857 0.9861 C.98€5 0.9863 0.9872
2.5 0.9876 Q.8873 Q.8883 0.9888 Q.9889 0.8852 0.983% 0.8898 0.8901 0.8904
2.6 0.8907 0.9909 0.9912 0.9915 0.9917 0.9820 0.9822 0.9924 0.89926 0.9929
2.7 0.9831 0.9933 0.9935 0.9837 0.9939 0.9940 0.8%42 0.8544 0.9946 0.9947
2.8 0.99489 0.9950 0.9952 0.9853 0.8955 0.9858 0.9958 0.9958 0.9560 0.9961
2.9 0.9963 0.9964 0.9965 0.9966 0.9967 0.5568 0.9988 0.8870 0.9971 0.9972
3.0 0.8973 0.9974 0.9975 0.9978 0.9978 0.8977 0.8978 0.9979 0.8979 0.9980
3.4 0.9981 0.9981 0.9982 0.9983 0.9983 0.9984 0.9984 0.9985 0.9985 0.9988
3.2 0.0988 0.9987 0.9987 0.9988 0.9%988 0.9888 0.9988 0.3989 0.9990 0.9990
3.3 0.8990 0.9991 0.9991 0.89591 0.9992 0.9992 0.8992 0.9992 0.9993 0.9993
3.4 0.9993 0.9954 0.9994 0.5994 0.9954 0.99%4 0.9995 0.9995 0.9995 0.998S
For example: P{k < 1L64}=0.8990
-k
Table A6.1




