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1. INTRODUCTION

1.1 General

This report contains an analysis of data on wave transmission.
It is restricted to wave transmission at low—crested permeable
breakwaters. All data used are from tests with irregular waves.
These data were earlier gathered in Delft Hydraulics' report:

"Data on wave transmission due to overtopping" by J.W. van der
Meer (1990).

The study was performed by I.F.R. Daemen, student at the Delft
University of Technology, as part of his master's thesis. under
the guidance of Prof.ir. K. d'Angremond (TU Delft) and dr.ir.
J.W. van der Meer (Delft Hydraulics). In september 1990, the
author performed an additional series of tests on wave

transmission at Délft Hydraulics.

The phenomenon of wave transmission will first be introduced in
chapter 2, where, guided by previous work, the governing
parameters and their influence will be discussed. In chapter 3 a
short description of the data sets used for the analysis will be
given. The above mentioned latest tests on wave transmission
will be treated extensively. Finally in chapter 4 the actual

analysis will be presented and the results of it discussed.

The author wishes to acknowledge Delft Hydraulics for the use of
test facilities and the guidance.
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1.2 Aim of the research

Until now wave transmission is described by various formulas in
which terms appear which contain more than one parameter. This
makes it hard to recognize the influence of an individual
parameter. The aim of the analysis presented in this report is
to look at all parameters involved in a separate way and to come
up with a formula which can predict wave transmission at low—

crested breakwaters. This formula should be practically usable
and reasonably reliable.




1.3 Conclusions and recommendations

1. The main governing parameters, which determine wave

transmission at low-crested and submerged breakwaters. are:

crest freeboard

wave height

Re

Hno
wave peak period: T
Be

g crest width

2. Parameters investigated which had little -or no influence
are: bulk number (B,) . permeability factor (P) and slope angle

(cota) .

3. The crest height. wave height and crest width are made
dimensionless by using the nominal diameter of the stone: Dhso-

The influence of the wave peak period is described by the

L G e

fictitious wave steepness: s The dimensionless governing

op -
parameters are:

relative crest height i R./Dpsp

relative wave height i Hpo/Ppso
fictitious wave steepness: Sop
relative crest width ¢ B./Dpsp

4. Three structure types were investigated: conventional,
homogeneous and reef type breakwaters. A conventional breakwater
consists of a core, filter layer(s) and armour layer. A
homogeneous breakwater is best described as a homogeneous mound
of stones. A reef type breakwater is also homogeneous. but

Special in a way that it is allowed to deform under wave attack.




5. The wave transmission coefficient Kt of conventional

breakwaters is given by:

Kt = g ¥* RC/Dn5O + b (_eq. 41)
In which:
¢ a = f(Hy,,/Dpsg)

b = f(Sop' Hyo/Pnso- Be/Dpso)
An overall view of the formula for conventional breakwaters is

presented in figure 39.

With the use of the range of application a standard deviation of

.0.048 is reached, without it the standard deviation amounts to

0.058.

6. The wave transmission coefficient increases from a minimum to
a maximum value in the area of the relative crest height ranging
from -2 to +2. In this area the influence of the wave steepness
on wave transmission is constant and the influence of the
relative wave height is dependent on the value of the relative

¢rest height.

7. The influence of the relative crest height seems also to be
dependent on the permeability of the crest. This appears when
comparing an armour layer of rock and of, more permeable,
ietrapods. Further investigations will be needed to confirm, and
eventually quantify, this phenomenon. The permeability of the
rest is not taken into account in the formulas proposed i1n this

eport .




8. The minimum and maximum values of the wave transmission
coefficient are set at fixed values. this means independent of
any parameter. However the point of reaching this minimum or
maximum is dependent on the formula. and thus dependent on the
parameters used in it. It is clear that for very large positive
and negative values of the relative crest height the wave
transmission coefficient will decrease respectively increase

further to 0 respectively 1.

g .. Caution must be taken with very small and vary large values
_of the wave steepness and relative wave height. Very small
values of the wave steepness (sop < 0.005) lead to very long
swell. which has a different behaviour towards wave transmission
then short wind waves. The upper limit of the wave steepness is

physically estimated at about s = 0.06. At higher values of

£ the relative wave height are used (Hp,/Dpsp < 1), the
nfluence of the permeability of the crest. which is not present
the formula, becomes important. Tco large values of the
lative wave height (H,,/Dpsg > 6) also lead to less accurate
ults of the formula. Moreover it can cause instability of the
our units. In this report this matter is treated only
lﬁtatively, further analysis is needed to quantify it. The

e of application. given by equations 4.29 and 4.30, 1s a

t of the foregoing. The formula can be used outside of this
gé, but the reliability will decrease as can be seen by the

ard deviations shown in table 13.




10. The parameters, not used in the formulas, such as bulk
number, slope angle and permeability factor, did not have much
influence. Their influence will probably be present at large
positive values of the relative crest height. Since this report
concentrates on structures with crest levels around the still
water level, these breakwater properties are "hidden" under
water. However, in various parts of the analysis the influence

of permeability showed up. Also a short look was taken at the

influence on wave transmission of wave run—up. in which the
slope angle plays a part. A certain trend was observed. but not
further analyzed. Therefor further analysis are needed to
determine whether these breakwater properties can be brought in

account Iin a proper way.

11. Wave transmission at reef type breakwaters is nearby

described in the same way as was done in item 5 for conventional
breakwaters:

K¢y = a * RC/Dn50 + b {eg. 4.1)

In which:

o
|

- f(Hmo/DnSO)

e e e B R

f(Sop' Hyo/Dnso!

An overall view of the formulas for reef type structures is
__ presented in figure 40.

For data, at which the crest height, during the test, lowered
less then 10 percent of the initial height. a standard deviation
of 0.031 is reached in the range of application. Without the

range of application the standard deviation amounts to 0.067.

_With the use of the range of application a standard deviation of
- 0.054 is reached for all data on reef type structures, without
1t the standard deviation amounts to 0.092.
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12. At a reef type breakwater the values of H, ./D,sq and Sop
will not have influence on wave transmission only, but on the
damage of the structure as well. This damage results,,6 among
other things, in a lowering of the crest height. It is obvious
that a lowering of the crest height results in more transmission
over the structure. The level of damage is not taken into
account in the formulas proposed in this report. It can be
expected that wave transmission at reef type breakwaters is

better described when the dynamic stability of the structure 1is
taken into account.

13. A general formula for wave transmission at (stable)
homogeneous breakwaters could not be derived because of the

inaccessibility of the available data on these types of
structure.




2. REVIEW ON WAVE TRANSMISSION

2.1 Wave transmission coefficient

Considering a wave, with an incident wave height H;. approaching
a structure. its energy can be determined at 100 percent. At the

structure a part of the incident energy is reflected as the

reflected wave height H,.. Some of the remaining energy will be
transmitted by overtopping and/or transmission through the

. structure causing a transmitted wave height Ht at the lee side.

g That proportion of the incident energy that is neither reflected
nor transmitted must necessarily be dissipated in the various
processes at the structure. In this way the balance of energy is

correct. This report will only deal with the phenomenon of wave

transmission.

S

S e

The ratio between incident (H;) and transmitted (Hy) wave height

is given by the wave transmission coefficient Ki:

The incident wave height is measured at the location of the
structure, eliminating the effects of reflection. The

transmitted wave height is measured behind the structure.

The wave transmission coefficient Ky can be divided in a part of
the transmission caused by overtopping and a part caused by
transmission through the breakwater. The main part of Ky is
estimated by overtopping. Transmission through the breakwater is

of importance only when the crest is well above the water level.

2.2 QGoverning parameters

Kt is determined by wave and breakwater properties. The most

important of these properties are shown in figure 1 and given
below.




Wave: significant height : Hpo or Hg
peak period . T

water depth at structure: hp
Breakwater: crest height ¢ he
crest width : Bg
slope angle : cota
materials : Dpsp. permeability,
porosity

Other‘governing parameters can be derived or calculated from

G

S e D s e

those mentioned above:

wave steepness : Sgp = 2THy, / ngZ (eq. 2.2)
crest freeboard : R =h, - h (eq. 2.3)
cross sectional area: A = hczcota + h B, (eg. 2.4)

bulk number : B

i

.3)

W}

2
n = At / Dnso . (eq.

A very important parameter is the relative crest height: crest
freeboard divided by wave height (Ro/Hp,) - This denotes how much

a breakwater is underneath or above the still water level in

proportion to the wave height. The usual way of looking at wave
transmission is done by creating a figure of Ky versus R./Hp -
see figures 2 and 3 which are taken from Van der Meer (1990).
All data gathered in that report are shown together with the
broposed formula of Van der Meer (1990) (equations 3.5 to 3.7)
in figure 2 and suggested curves of Ahrens (1987) and Hearn
(1987) (equations 3.2 to 3.4) and Powell and Allsop (1985) in
figure 3.

Confusing is the fact that also a relative crest height defined
as crest freeboard divided by water depth (Rc/h) is used
Sometimes. In this chapter relative crest height stands for

Crest freeboard divided by wave height (Ro/Hpo) -

Before looking at the influence of above mentioned parameters on
Wave transmission, the structure types used in various tests
Will be discussed briefly.
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2.3 S8tructure types

Low—¢rested and submerged breakwaters

A distinction in structure types can be made by looking at the
height of the crest relative to the water level. This report
will mainly deal with structures which have their crest height
around the water level. Many different names are used to
describe these types of breakwaters. In this report only the
names submerged and low-crested will be used. A submerged
breakwater has a negative crest freeboard and 1s overtopped by
all waves. A low—crested breakwater still has a positive crest
freeboard. This freeboard. however 1is that small that waves

running up the slope cause frequent overtopping.

» These types are special in a way that they allow a considerable

amount of overtopping by incident waves. By allowing the
structure to be overtopped. the crest height., and hence the
volume of material needed, can be reduced. This volume 1is a

gquadratic function of the structure height h..

It is evident that choosing a low crest level will lead to a
considerable wave transmission, and thus to a wave height at the
lee side of the breakwater that can not be neglected. The use of
low-crested and submerged breakwaters is therefor restricted to
situations where the level of wave activity is acceptable in
comparison to the functional use. This implies the i1mportance of

a reliable method for prediction of transmitted wave height over
these kind of breakwaters.

Rubble mound. homogeneous and reef tvype breakwaters

Another distinction can be made by looking at the construction
of breakwaters. The conventional rubble mound breakwater
consists of a core, filter layer(s) and armour layer. The
structures tested on wave transmission mostly did not have a

filter layer, but consisted only of a core and armour layer.

Another structure type tested was the homogeneous breakwater,

10




best described as a homogeneous mound of stones. A reef type
breakwater is homogeneous as well, but special in a way that it
is allowed to deform under wave attack. This is called dynamic
stability. More extensive information about the tested

structures will be’given in chapter 3.

2.4 Influence of parameters

Hereunder a brief review is given of information from various

reports about wave transmission. This information concerns the
parameters governing wave transmission at permeable structures.
Their influence and importance as well is described in section

2.4.3.

First the phenomena wave run—-up and overtopping. which are
important for wave transmission, will be defined here. Wave run-—
up is the height on the slope to which the top of the wave can

reach, running up the slope. Run-up can occur at structures with

positive crest freeboards only. Overtopping is the phenomencon of

masses of water passing over the crest of a breakwater. Run—up
and overtopping are related in a way that when the crest
freeboard is larger then the run—-up, waves are not able to
overtop the structure:; there will be no overtopping. As the run-—
up exceeds the crest freeboard. overtopping will occur. From
'this moment on increasing wave run—up will lead to increased
_overtopping. As mentioned before, a submerged breakwater 1is
overtopped by all waves. A low—crested breakwater 1is overtopped
by those waves only, which have a run-up exceeding the crest
freeboard. A structure with a small crest freeboard, which is
;attacked by waves that small that they are not able to causs
Overtopping. is not officially called a low-crested breakwater.
;This means that the title "low-crested" is dependent on the wave
_height. Due to reasons of simplicity in namegiving, in this
:Peport all structures with small crest freeboards are called

;10w~crested.

11




This report concentrates on permeable structures, but first a
short view is taken at impermeable structures to get a better

insight into the mechanics wave transmission.

2.4.1 Impermeable breakwaters

When a breakwater is totally impermeable, wave run up determines

the degree of overtopping and thus the wave transmission. The
transmission through the structure is of course zero. As long as
there is no overtopping there will be no wave transmission. An
increasing wave height or decreasing crest freeboard leads to a

larger run up and hence, when overtopping occurs, to an

_increasing wave transmission and a larger K¢. A smaller crest
width also gives a larger Ki. Formulas are available to
calculate Ky, via run up coefficients. for impermeable
structures (Seelig 1980, equations 10 to 12). These formulas can

‘be used for impermeable smooth and rough slopes. According to

the same report, Seelig (1980),., this method yields good results.

Submerged breakwaters are always overtopped, but here also wave
height plays a part. The larger a wave, the more it will be
affected by the structure. So in this case a larger wave height

gives a smaller transmission coefficient.

. 2.4.2 Permeable breakwaters

 Wave transmission at a permeable breakwater, which is not
\'overtopped, will occur by transmission through the structure
?only. The other extreme is a submerged breakwater with nearly no
E,transmission through the structure and thus Kt determined by

. Overtopping only. Between a transmission coefficient totally

1 determined by overtopping or on the other hand by transmission

i through the structure, there is a large area with both phenomena
f invo1ved. Following secticn will give a brief review of this

_ 3rea where a number of parameters is involved. The main

12
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parameters and their influence on wave transmission will be

discussed.

2.4.3 Governing parameters

WmeHmmm(&ml
At a low—crested breakwater, which is not overtopped, the wave

transmission coefficient K¢ will decrease with increasing wave

height Hpo because there will be more dissipation inside the
breakwater. However this can depend on the ratio of H , and the

nominal diameter (Dn50). At a low—crested breakwater, which is

Sl

overtopped. Ky will increase with increasing H_,, due to

increasing masses of water passing over the breakwater. Figure 4

shows this in a qualitative way; the parameters are not

dimensionless.

o S e

When the structure is submerged, a larger wave will be more
affected than a smaller wave. Thus now Ky will decrease with
increasing H,,. see figure 4. There must be a point where the
structure 1s that far submerged that most of the passing waves
will not note the presence of it anymore. At this point Ky will

increase with increasing H, , again.

Wave peak period (Tpl
At a low—crested breakwater the wave transmission coefficient Kt

_ increases with increasing wave period Tp, due to longer wave
_ length which increases the run up. Also a longer wave will
. bropagate better through the structure. The stone size (DnSO)

relative to the wave length probably has influence.

fWith submerged structures it is more difficult. Van der Meer
(1990) found that longer waves cause a larger K. But Powell and
1lsop (1985) noted the opposite. From their report, chapter
:3: "increasing Tp leads to decreasing Ki. Short waves pass

nhindered over the structure. Longer waves, which propagate

13




deeper in the water, will be partially attenuated". Maybs
was a special ratio between wave length and stone size. Any.

further on a closer look must be taken at these data.

In the same report Powell and Allsop came up with a new
parameter to substitute the old relative crest height R./Hp -
They introduced R*p:

R, = Ro/Hy, * (sp/2m1/2 (eq. 2.5)

where sp is the wave steepness corresponding to the peak period

of the wave energy spectrum. In the low crested area the use of

R*p in stead of R /H,, in a figure versus K, collects data with

different wave period Tp together. In the submerged area the use

of R*p leads to a larger spreading of data with different Tp.

This is shown in figure 5 which 1s taken from Van der Meer

(1990). In the same report it was concluded that the wave period
has a significant influence on wave transmission, but is not

brought into account in a proper way by using R*p.

yPermeability
A higher permeability of a low-crested breakwater will lead to

an increasing wave transmission coefficient Ky. A wave will
propagate easier through the structure. but the run up will be
Esmaller because the running up wave will sink into the
structure. The height of the core relative to the wave height is
'fimportant because the core is much less permeable than the

__armour laver.

;At a submerged breakwater increasing permeability will Increase
fKt, but the influence is small due to domination of overtopping.
,}There is no run up involved, so Ky will not be very sensitive to
\Changes in permeability. Of course this sensitivity will be
dépendent, just as with low-crested structures, on the height of

the core relative to the wave height.

14




Generally the problem is how to compare permeabilities of
different structures. Mostly only the indication
permeable/impermeable is given. Van der Meer (1988) introduced

the notional permeability factor P which is roughly defined as:

P = 0.1 :impermeable breakwater
P = 0.4 :conventional breakwater,
with core, filter—- and armour layer
P = 0.5. :conventional breakwater,
with large core and armour layer

= 0.6 :homogeneous breakwater

GhRsee G e

These permeability factors have proved theilr use 1In breakwater - |

stability formulas, perhaps they can be useful in this case too.

Porosity
Porosity and permeability are often hard to separate. The effect
Hof porosity on wave transmigssion is nearby the same as of

permeability. Still it is possible to have a porous armour layer

oh a structure which is impermeable.

;fnteresting is the fact that the sensitivity of a submerged
“breakwater Lo porosity is small, which implies that the wave
ftransmission coefficient Kt should be equal for more and less
vorous structures in the submerged area. Figure 3.11 of Powell
d Allsop (1985) does not show this tendency. Even at a

lative crest height R./Dpsqg = =3, a difference in Ky of about

1 is observed for different porosities.

1 general the sensitivity towards porosity increases as R /Hp g
Creases. This is because of the fact that with increasing
Hmo wave run up gets more important, and hence the degree of

rtopping is affected.

C.._.
a low-crested breakwater an increase of the crest width will

S€ more friction losses at the crest and a longer way for a

15




wave to overtop the structure. Thus a decrease of the wave
transmission coefficient. A wider crest can also be explained as
a larger cross sectional area. Massie (red.) (1986) state that

the crest width should be very large to have any influence. For

submerged breakwaters the influence on K¢ of the crest width is
small.

Finally
Information about slopes (angle., materials and roughness) is

presented in theories about wave run up. It 1s likely that the

:
.
§
=
.
.
.

slope angle has most influence on overtopping because it is an

influence on wave run up., but slope angle and roughness are only
important for gentle slopes and wide crests. By then they have a
significant influence on wave run up and hence on wave
transmission.

The main parameters are cfest Ireeboard‘(Rc), wave height (Hg,)
énd wave period (Tp). The author found some notes about the
possible Importance of the wave height and length compared to
the stone diameter. This suggestion was not treated further.
Therefor it can be important to first look at D, gn relative to

the main parameters before drawing conclusions from test
. results.

In the foregoing no distinction is made between rubble mound,
‘homogeneous and reef type breakwaters. The influence of the
discussed parameters on wave transmission is nearby the same for
all structure types. But the absence of a core in homogeneous
reakwaters can, and probably will, change its sensitivity
Owards changes in parameters. A wave propagating through a
6mogeneous breakwater will not have to cross a core!

Urthermore a reef type breakwater is allowed to deform under
 Ve attack, which means it can be reshaped in a more or less
fferent form than its initial form. It is obvious that these

Cts will change a structure's behaviour towards wave

16




3. DESCRIPTION OF LABORATORY TESTS

3.1 Description of previous tests

The analysis on wave transmission, which will be presented in
chapter 4, is performed on data sets of various laboratories.
These sets were gathered in Van der Meer (1990) and will be
described briefly in this section. In that report a new formula
for wave transmission was proposed which will be given at the
description of the tests of Van der Meer (1988).

A new series of tests on wave transmission was performed at
Delft Hydraulics during the time of the present study and will
:be treated extensively in section 3.2. An overall view of

yrevious and present tests is given in table 1.

lig (1980) measured wave transmission for a large number of
ucture cross sections, mostly with monochromatic waves, but

0 with random waves. These were one of the first tests in the
€ flume with random waves. Maybe this is the reason why very
¢ values of the wave steepness were measured, up to 0.10,

'h is physically impossible. At a wave steepness of 0.05 to
the waves will break. These data must be handled with

cion. The various cross sections tested with random waves
an armour layer consisting of stone with a large nominal
ter (DnSO) compared to other tests. The cross sections are

in figure 6, the test data in table 2.

(1983)

ucture tested by Allsop (1983) is the only one, of all
ures considered in this report, to have a filter laver.
Sts were performed with large positive values of the crest

ard. The cross section is given in figure 8b, the data in

d Allsop (1985)
Cctures described by Powell and Allsop (1985) are

17
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homogeneous breakwaters with a very small bulk number. The
curves for wave transmission, suggested in their report, are
given in figure 3. The report of Hydraulics Research about the
actual tests is confidential. but Allsop was willing to send
some data on wave transmission to van der Meer. During the
latest invegtigations on these data it appeared that with given
wave height and water depth, severe breaking should have taken
place. Allsqp was contacted about this matter, but until now no
satisfying explanation is found. It can be concluded that the
reliability of these data can be questioned. The cross sections

are given in figure 7 and 8a, the data in table 4.

Daemrich und Kahle (1983)

 The tests of Daemrich and Kahle are the only ones in which
artificial armour units were used, namely tetrapods. %n armour
layer of tetrapods 1is more permeable than an armour layer of
rock, which is used in all other tests described in this report.
A,largé and a small crest width were tested. The cross sections

re given in figure 8¢, the data in table 5.

tested reef type structures, both on stability and
ve transmission. Hearn (1987) gives a more extensive analysis

Ahrens' data. In this report the parameter P was introduced:
HuoAr / LpDgg? (eq. 3.1)
h gives the following relationship for wave transmission:
1.0 / (1.0 + PU-992) for Ry/Hy, > 1 (eq. 3.2)
1.0 / (1.845 + (PY-973 - 0.845) R /H,,) for 0 < Ry/H < 1

{eg. 3.3)

.9 - 0.358 efC/m for R,/H,, < 0 (eq. 3.4)

18




Formula 3.2 was taken from Ahrens (1987). These formulas are
given in figure 3 for three values of the parameter P (5, 10 and

153). During a test on wave transmission it was possible that the

"crest height lowered, sometimes even considerably. This makes it
difficult to choose the correct crest height for that test. The
crest height used in this report is the height after the test

G

Sesieliee G R

(h.). These are the only tests available on wave transmission
with reef type breakwaters. Table 6a gives all data of Ahrens,
table 6b only the ones at which the crest height, during the

 test, lowered less than ten percent of the initial height.

Figure 9 shows an example of a reef type cross section and the

- basic data on the tests.

Van der Meer (1988)

A very extensive investigation on stability of rock slopes and

gravel beaches was performed at Delft Hydraulics between 1983
and 1987. The basic background and all test data was described
in van der Meer (1988). A part of the investigation was focussed
on stability of low-crested breakwaters. Besides the stability
the wave transmission was measured too. Three crest heights were
tested., one with the crest well above the water level, one with
the crest at the water level and one with the crest well below
the water level. Hereby not the water level was changed, but
three structures, with different structure heights, were used.
The cross sections are given in figure 10, the data in table 7.
Van der Meer (1990) proposed a formula for wave transmission in
_ his report "data on wave transmission due to overtopping' which

is given by:

0.80 for -2.0 < R./H,, < -1.13 (eq. 3.5)
0.46 - 0.3 R./H,, & for -1.13 < R./Hp < 1.2 (eg. 3.6)
0.10 for 1.2 < R./Hy, < 2.0 (eq. 3.7)

formula is given in figure 2.

19




3.2 Description of present tests

3.2.1 Wave tank

The tests for this study were performed in the "Schelde'" flume

at Delft Hydraulics. The length of this flume is 50 m. the width

1.0 m and the depth 1.2 m. An overview of the test set-up is

given in figure 11.

%
-
.
%
.
.

The wave generator is controlled by signals on magnetic tape
which contain a present wave energy spectrum. A system developed
by Delft Hydraulics was used to measure and compensate for
reflected waves at the wave board. With this system standing
waves and basin resonance were avoided. The incident significant
wave height was measured with the structure in the flume, by
means of two wave gauges placed about a quarter of a wave length

apart. In this Way,the incident and reflected spectra were

determined.

In the flume a very smooth foreshore slope of 1:350 was sited

which continued to the end of the flume. Here a steeper slope of

1:9 was sited which lead, via an elevation, to a small tank. The

1:9 slope functioned as a wave damping construction which

avoided reflections behind the structure. Four wave gauges were

used. two at the beginning of the flume and two behind the

structure.

3.2.2 Structure

Figure 11 shows a cross section of the structure used for all
Sts, except for the ones with numbers 41 to 46. The structure
hsisted of a core of angular stone with a nominal diameter

50 ©f 0.028 m and an armour layer. The armour layer consisted
The

numbers 41

angular stone with a nominal diameter of 0.040 m.
fferences in the structure used for the tests with
46 were the nominal diameter of the armour layer, which

ounted to 0.061 m in stead of 0.040 m in all other tests, and

20




the crest height relative to the wave tank, which amounted to
0.433 m, instead of 0.463 m in all other tests.

- 3.2.3 Tesgts

.

Wave heights were measured by the spectral method and by time
analysis, which means that the wave height (H,o) 1s defined as:
four times the root mean square of the first moment of the wave

energy spectrum (4 (mo)l/z). In deep water H , does not differ

from the statistical defined wave height, Hg (average of the
highest 1/3 of the waves).

The tests concentrated on three parameters: relative crest

height (R./D50). relative wave height (Hpo/DPpsg) and fictitious
wave steepness (Sop). R, and H, were separated and made
dimensionless by dividing them by the nominal diameter Dpsg- The
reason for this will be explained in chapter 4. To get a good
insight in the influence of all parameters especially, only one
parameter was changed at the time. To achieve so0 the tests were
performed with two fixed values of the wave steepness, 0.02 and
0.04. For each wave steepness a range of crest freeboard heights
was investigated. from a negative to a positive crest height.
With a fixed crest freeboard the wave height was varied. In
order to vary the crest freeboard heights, the water level was

changed.

In total 53 tests were performed. 34 tests with a wave
Steepness of 0.02. a nominal diameter of 0.040 m and 6 values of
he crest freeboard. Another 6 with the same wave steepness, but
nominal diameter of 0.061 m and 3 values of the crest
freeboard. 10 tests were performed with a wave steepness of

-04, a nominal diameter of 0.040 m and 5 values of the crest

freeboard.
Finally the 1:9 slope and the small tank at the end of the flume

:aS removed and 3 more tests (nr. 25 to 27) were performed with

fixed water level behind the structure. To achieve so, water,
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which passed the structure but could not flow back and hence
caused a set up behind the structure, was pumped out at the end
of the flume and brought in again at the beginning of the flume.
- This was done to investigate the influence of set up behind the
structure during the earlier tests. During the last 3 tests (nr.
25 to 27) a wave damping construction was sited at the end of

the flume to avoid reflections behind the structure.

3.2.4 Results

Sl

The data on these tests are given in table 8. The incident wave
. height was determined as the mean value of wave gauges 1 and 2,
corrected for reflection. The transmitted wave height was the

|

mean value of wave gauges 3 and 4.

At the end of all tests, data of the two gauges behind the
structure (gauges 3 and 4) were filtered to remove long wave

components which could be present behind the structure. These

long wave components confuse the issue because their existence
is not a wave transmission phenomenon, but pure a result of
testing circumstances. They occurred mainly when the crest of
the structure was above the water level. They can be traced by
the fact that the wave heights measured by wave gauges 3 and 4
relative to each other differ very much. Figure 12a shows the
measured wave height of gauge 3 (Hpo 3) versus the measured wave
height of gauge 4 (Hpo 4), before and after filtering. All data
of the present research are shown in this figure. It shows that
the spreading around the line of equal Hy,o 3 and Hyo 4 is much
smaller after filtering then it was before. The results of
filtering the test data are therefore remarkable, maybe not

guantitative, but surely qualitative.
The results of the three tests without set up behind the

Structure showed that the set up in the earlier tests have no.

Or negligible, influence on the results. See figure 12b.
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The incident wave heights were measured at the beginning of the
flume, so the influence of the foreshore slope is not taken into

account. At the other tests, described in this report, the wave

% height was measured in front of the structure. But because the
% foreshore slope 1s very smooth this probably makes no
%

difference. Checking with the computer wave program ENDEC

confirms this statement. For all water depths the largest wave
heights used at that depth are run with ENDEC. The proportional
decrease of these wave heights versus the relative water depth
(h/Hyo) is given in figure 12c. Only with large waves in shallow
water a significant decrease of the wave height occurs. For
h/Hpe 2 3 this decrease is less then 10 percent. The tests with

esmaller relative water depths are:

test number: 953: h/HmO: 2.6; decrease Hmo: 23 %
' 94 . 1 2.9; : 13 %
20: : 2.8: 16 %
12: , : 2.9; : 13 %

As. can be seen in table 8 the course of the wave transmission
coefficient with increasing wave height does not show
abnormalities for these data. Therefor all data of the present
_tests will be considered in the analysis of chapter 4.
In the following tables and figures the present data are given

by the name of "Daemen".




ANALYSIS OF DATA

1 Introduction

conventional way of describing wave transmission consists of
figure which shows the wave transmission coefficient K¢ versus
relative crest height R./Hp,. see figure 2. This is not

nge since R. and H,, are the most important parameters
rmining Ky . But it is not proved that the use of the

ision R./H,, gives the same result with on one hand constant
nd variable Hj , and on the other hand variable R, and

tant H,,. Moreover, when R. becomes zero, all influence of
ave height H_ , is lost, which leads to a large spreading in
igure at R, = 0. For these reasons in the following

sis R, and Hmo will be separated.

er disadvantage of using the figure of K¢ versus RC/Hmo is
act that much of the (significant) information, such as
period and remaining breakwater properties. is not taken
account.bAs stated in section 2.4.3, the wave period Tp has
nificant influence on wave transmission. Therefor Tp will

nsidered in the analysis as well.

e end of section 2.4.3 it was stated that the main
eters are R.. Hyo and Tp. These parameters are called
Y parameters. Because the influence of the remaining

water properties is less clear, these are assumed to be
dary parameters.

wing will be an attempt to derive a formula for wave

ission from the test data described in chapter 3. Hereby
tried to consider all parameters especially. In this way a
a can be found in which the influence of each single

ter clearly appears.
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4.2 Selected parameters

By separating the crest height R, and the wave height H_ . the
need is caused for a good parameter to make them dimensionless.
This parameter is the nominal diameter DnSO' DnSO is a
’breakwater property which is constant by structure. By using
RC/DH5O the structure type. low—crested or submerged, is well
described. The use of R./D,gq and H,,/D,5p gives a good
description of the wave height compared to the crest height.
Moreover,., as mentioned before, wave height relative to the
nominal diameter can be an important parameter for wave
transmission. Compared to stability Hg/(delta Dpgqg) 1s a very
_important parameter. The relative crest height R./H,, 1s now
substituted by a relative crest height defined as R./Dpgg and a

relative wave height H_ /D, sq.

Finally Dpsg 1s a good measuring-staff to describe breakwater
properties as crest width B,. bulk number B, and of course crest
freeboard R.. One can imagine for example a crest width of so

many times a nominal diameter.

The definition of the relative crest height R./D,gg, or the
crest freeboard R.., should be looked at closer first. It is
assumed that in all tests a crest freeboard of zero 1s reached
when all stones of the crest are under water. A few tops of
stones extending above the water level i1s allowed. This
definition is very critical while a somewhat different
definition will result in a shift of all data points in the
figure of K£ versus R./Dpsq. Especially around R./D sn = 0.
where the largest in/decreasing of the wave transmission
coefficient takes place, this is important. It can not be
retraced if the above mentioned Q@finition agrees with the one
used for the test sériesvwhich were not performed at Delft

- Hydraulics. It is possible that a definition for R, is used
which lies 0.5 Dpsp below the value of R, determined with the
above assumed definition. This will cause a shift in the figure
of R./Dpgg versus Ky of 0.5 Dgp to the left. It must still be
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[yzed whether definitions of Rc' deviating from the assumed

have been used in other tests.

use of D55 excludes the investigation on impermeable
uctures because 1t 1s impossible to determine a nominal
meter. This disadvantage is relative since only a small

bér of test data are on impermeable structures. Furthermore
eady formulas are available for wave transmission at

ermeable structures. See section 2.4.1.

lating the wave and crest height to D s5. the influence of
nominal diameter is brought in obviocusly. However, when a
cture is that far submerged that waves will hardly note the
nce of it, the nominal diameter will not be a significant

meter anymore. This case will be handled further on in the

Be

of primary parameters, Tp, is left. The influence of the
can be described by the fictitious wave steepness

and H, . are described as R./D,sqg and H, /D 5q. only the

period Tp

2, o / ng2 (eq. 2.2)

emaining (secondary) parameters are all breakwater
‘ties. By using Dpsg @ relative crest width is defined as
sg- {‘he other parameters are bulk number (eg. 2.4), slope

and the permeability factor according to Van der Meer
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all parameters are defined and they are repeated here.

mary parameters: relative crest height i Ro/Dpsg

relative wave height i Hpo/DPpso
fictitious wave steepness: Sop
ondary parameters : relative crest width i B./Dpsp
bulk number ¢ By

permeability coefficient: P

slope angle : cota

Derivation of formula (basis)

1'Conventional breakwaters

tart with, the primary parameters will be used to derive a
ula which describes wave transmission. Figures are made of
transmission coefficient K{ versus the relative crest height
n5g With data from the available tests. This can be done by
ping the data by constant relative wave height Hyo/DPpsg. or

ping by wave steepness leads to the clear picture of a

er wave steepness resulting in a smaller transmission
ficient. This can be seen in figure 13. What is more is the
that this is true for the whole involved area of relative
heights, negative and positive as well. This is in

dance with theory which states that a larger wave period
With constant wave height, results in a larger transmission
icient. Since Sop = Hyo2m /,ng

S to a larger transmission coefficient.

2 2.2 11
(eqg. .2), a smaller Sop

Ping the data by relative wave height leads to some trends
Seen also, see figure 14. But these trends are not as

Ncing and/or consistent as was seen in figure 13.
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gsuming that the influence of the wave steepness is present
the whole area of R./D 55, it is possible to take a look at
ups of different relative wave height within one single group
constant wave steebness. Doing so a clear trend can be

erved for the relative wave height_Hmo/Dn5O too. See for

ple figure 16 and following (further on these figures wili
iscussed more thorough). For R./Dpsg < —1 a larger Hoo/Pnrs0
s a larger wave transmission coefficient. For Rc/DnSO > -1
opposite occurs: a larger H,,/D;sg gives a smaller

smission coefficient.

ehaviour of the wave transmission coefficient towards

tive wave height will be explained here. At a low—crested
kwater, where R./D,5n is positive, the transmission

icient is primarily determined by overtopping, and thus by
run up. In this area of Rc/DnSO a larger relative wave

t gives a higher run up. thus more overtopping and hence a
r transmission coefficient. At a submerged breakwater,
R./Dy50 1s negative, higher waves will be more affected by
tructure while small waves pass unhindered. In this case a
r relative wave height results in a swaller transmission
icient. 1

can also explain why the use of R*_ (see section 2.4.2 and

e 5) to describe wave transmissionpleads to good results in
rea of R./H,, > 0, while it fails for Re/Hy, < 0. R¥p is

ed as: RA\H, * (_sop/27r)l/2 (eq. 2.5). This term contains
ave Ste§pness Sop divided by the wave height H.: Sop/HmO'
he effect of a change in Sop OF H,, on the wave

mission coefficient K¢ and the division sop/Hmo is looked
I a positive and a negative crest height. When R. > 0, with

ant H a larger s leads to a smaller Ky and a larger

‘ op
mo: With the same (positive) R, and constant Sopr @ smaller
eads to a smaller K¢ and a larger Sop/HmO‘ This 1is in

dance with each other, so wave transmission is described
rly by Sop/Hmo for positive R.. When R, < 0, with constant

a larger Se still leads to a smaller Kt and a larger

p
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Sop/Hmo' With the same (negative) R. and constant Sopr @ smaller
Hmo leads to a larger K¢ (1) and a larger SOp/HmO' This is not
in accordance, so sop/HmO is not the right term to describe wave

transmission for negative R.. When R, < 0, a R*, should be used

, p
which contains something like Sop * Hpo- In the following R*

will not be further looked at.

p

Figure 15 shows the wave transmission coefficient Ki versus
relative crest height R./Dpsq for all data. Going from high
positive values to high negative values of R./Dpsg. it appears
that the transmission coefficient first stays low, then

increases in the area of R./Dp5g = +2 to =2, and finally stays

high.. Theoretically the increase of the wave transmission
coefficient will be a curve with a smooth course from its low to
its high value. To come to a simple description of wave
transmission, the curve will be assumed to be a straight line.
This means that a linear relation between wave transmission
coefficient and relative crest height is assumed in the area of
the relative crest height of about -2 to +2. The wave

transmission coefficient can now be described as:

=a * R./Dysg + b ‘ (eq. 4.1)

In this equation "a" is the coefficient: it determines the slope
of the line. "b" is the constant: it is the value of Ky at
ﬁRc/DnSO = 0. The areas of relative crest height in which this

relation is not wvalid, will be looked at closer in section 4.5.

Further assumptions must be made to determine the coefficient

‘a" and the constant "b". "a" and "b" can be functions of one or
More parameters. As stated before a® change in the wave steepness
“op leads to a constant increase/decrease of the wave

ansmission coefficient 'Ky. In other words: lines of constant,

t different, Sop are lying parallel to each other, see figure
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13. This implies that the constant "b" is a function of the wave
steepness: )

b = f(s,p) | (eq. 4.2)

In contrast with the wave steepness, a change in the relative
wave height Hmo/DnSO does not result in a constant change in the
wave transmission coefficient K¢ . This is dependent on the value
of the relative crest height R./Dp5g. @s explained at the
beginning of this chapter. Thus lines of constant, but
different, relative wave height are lying rotated to each other,
they all have a different slope angle, see figures 16 to 23.
This means that the coefficient "a" is a function of the

elative wave height:

£ (Hyo/DPhso) | (eq. 4.3)

investigate the relationship between “a' and Hmo/DnSO’ and

ter on the one between "b" and s for each series of tests

op’
nes are fit through data points with constant Sop and
/DnSO' To do so, for each constant Sop at least 2 to 3 data

nts with constant Hmo/DnSO are needed. to fit a straight line
ough it. In a figure where various reliable lines have been

:n, and thus a clear pattern is generated, other lines have

‘constructed" which correspond to the pattern, with less

2 or 3 data points. The results are given in figure 16 to

remarkable facts in these figures are mentioned here. but
be explained later. In figure 19 and 20 (Daemrich and Kahle
) the pattern of crossing lines is not present. The lines
Jure 17b and 18 (Ahrens (1987)) seem to be moved, compared
€ position of the lines in other figures, over a distance

t Z*Rc/Dn5O to the positive side of the relative crest
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Note that not all data have been used. All data of impermeable
structures‘were not used because it is not possible to define a
nominal stone diameter DnSO' These data were: Seelig BW1 (1980)
and Daemrich and Kahle (1985), their tests on a smooth

impermeable structure. From the data of Seelig (1980) only the

_ones of BW4 are used, the other data had values of Rc/DnSO' |
‘Hmo/DHSO or sop which were not of interest for this
investigation. Very large negative relative crest heights and
very small relative wave heights were used. Furthermore the very
op’ which are gquestionable (see section 3.1),
make these parts of the data of Seelig (1980) unsuitable to use
in the analysis. The same yilelds for Allsop (1983) who
nvestigated only high positive values of Rc/DnSO' From the data
f Ahrens (1987) only those ones are used, at which the crest
eight lowered, during the test, less then 10 percent of the

nitial crest height (see table 6b).

n total 58 lines were drawn which describe equation 4.1 with
nstant wave steepness and relative wave height. The range of

p'is 0.01 to 0.04, that of H,,/D,5q 173 to 5. In more detail:

0.01: 12 lines with 1.25 < H /D5 < 5.0
0.02: 19 lines with 1.25 < H /D xg < 4.6
0.025: 7 lines with 1.50 < H /D sg < 2.4
0.03: 17 lines with 1.50 < H, /D sq < 5.0
0.04: 3 lines with 1.3 0< Hy /D sy < 3.0

;58 valueg of the coeff;cient “a' and the constant "b" are
lable. These are shown in table 9 as "a-measured" (am) and
measured 1" (bml).

that until now no distinction is made in breakwater types
Or properties. By looking at all 58 lines, drawn for various
kwaters, all structures are brought together. This means

the secondary parameters from now on will have influence
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too. These secondary parameters were: relative crest width, bulk
number, permeability factor and slope angle. It must still be

analyzed whether their influence becomes significant.

As the coefficient "a" was a function of the relative wave
height (eq. 4.3), a figure is made of “apy" versus Hy /Dpsg. see
figure 24a. A clear trend can be observed of a larger Hmo/DnSO
causing a smaller coefficient "a". To determine the relationship
between "a " and Hyo/Dphsg the data of Van‘der Meer (1988) and
the present data are primary used, see figure 24b. The reason
for this is the fact that the circumstances of the test set—up

. and the definitions of the parameters used, are known., or can be
retraced, by the author. This is important, for example. towards
the definition of R,. Both primary used data sets are from tests
performed at Delft Hydraulics. In figure 24b a linear relation
is drawn:

a = 0.031 Hy./Dysqg — 0.24 (eq. 4.4)
For H,,/Dpsg < 1.5 this line is not accurate anymore.

Data sets which do fit in the line of equation 4.4 are also
given in figure 24b. These are Seelig BW4 (1980), a conventional
breakwater with a small crést width, and Ahrens (1987), reef
type breakwaters. The fact that the reef type data do fit in is

remarkable because they concern a different structure type.

The 2 data sets which do not fit in are Powell and Allsop (1985)
and Daemrich and Kahle (1935). The data'of Powell and Allsop
(1983) consider many data with Hyo/Pnsg ¢ 1.5 for which the line
of equation 4.4 is not accurate. Also the different structure
type, homogeneous with a very small bulk number, and the
inaccessibility of these data (uncertainty about Hy at the
structure) are debt to not fitting in. The data of Daemrich and
Kahle are left away because of the small values of Ho/Ppsp and

the different structure properties (the use of tetrapods and a
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very small and very large crest width). The absence of these 2

data sets will be further discussed at the end of this section.

Looking at the definition of "a", it can be seen that a larger

. relative wave height causes a less steep slope of the line of
éduation 4.1. This is in accordance with the earlier explained
phenomenon of & larger H, ,/D,sg which causes more overtopping at
a positive relative crest height, but is more affected by the

structure at a negative relative crest height.

By putting equation 4.4 in to equation 4.1, so far the formula

for wave transmission looks like:

Ke = (0.031 Hy./D sy - 0.24) R./Dp5g + b (eq. 4.5)

To determine the constant "b", again all lines of figure 16 to
23 are drawn, but this time with imposed values of the
coefficient "a'". These values are calculated from equation 4.4
for each line and shown‘in table 9 as "a—formula' (ag). Now
again all values of "b'" are measured and shown in table 9 as
“b-measured 2" (b,2). This second session of drawing lines is
not shown in this report. As can be seen in table 9 the values
of "by2". measured with imposed coefficient "ag", do not, in
general, differ too much from the values of ”bml“. As the
constant "b'" was a function of the wave steepness (eq. 4.2), a

figure is made of "b 2" versus s, see figure 25a. This figure

does not show much of a convincing trend. When the data are
restricted to the conventional breakwaters used in figure 24b., a
clear picture can be seen. Figure 25b only shows the data of Van
der Meer (1988), Seelig BW4 (1980) and the present data. The
data on reef type structures, Ahrens (1987), are also shown 1in

this figure. but will be treated in section 4.3.2. Two things
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can be made up from figure 25b. The first 1s that a larger wave
steepness gives a smaller value of "b". This relation is assumed

to be a straight line:
b=4d**s + C (eq. 4.6)
In this equation "d" is the coefficient which determines the

slope of the line. The constant "c¢" is the value of "b" when S
= 0.

p

The second thing is the fact that the spreading around the
straight 1ine can be explained by looking at the relative wave

Y’ heights of the data. It appears that, with a fixed value of the
wave steepness, a larger relative wave height gives a larger
value‘of "b. This is'not shown in the figure., but can be seen
in table 9. This means that the constant '¢" is a function of
the relative wave height:

¢ = £(H,5/Phs0) (eq. 4.7)

Now the influence of Hmo/DnBO can stay 1in the formula for
situations in which R./Dyxq = 0. "b" is namely the value of K
when R./D 55 = 0, see equation 4.1. The coefficient "d" 1is

determined by measuring in‘figure 25b:
d = -5.42 . (eq. 4.8)

The constant "c¢'", which is a function of the relative wave
height (eg. 4.7), can be determined in the same way as the
constant “b" is determined. With an imposed value of the
coefficient "d'", determined by equation 4.8, for each point in
figure 25b the line of equatioﬁ”4.6 is drawn. At s = (0 the

op
is measured. These values are given in table 10 and

constant 'c
figure 26a. A straight line is fit through the data of figure

26a which is given by:

¢ = 0.0323 H;,/Dpsg *+ 0.44 (eq. 4.9)
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Putting equations 4.8 and 4.9 into equation 4.6 results in:
b = -5.42 Sop + 0.0323 Hy,/Dpsg + 0.44 (eg. 4.10)

The results of the analysis so far are:

Kt =g % RC/Dn5O + b i (eq 4.1)

o
i

0.031 H /D sy — 0.24 (eq. 4.4)

b = -5.42 s, + 0.0323 H /D 55 + 0.44 (eq. 4.10)

1%

An overall view of the formulas for conventional breakwaters is
given in figure 39. In this figure the results of further

analysis, presented in the following sections, are also given.

4.3.2 Réef tvpe breakwaters

Figurev24b showed that the data for reef type breakwaters,
Ahrens (1987), fit in the line (eq. 4.4) which describes the
coefficient "a“. Therefor equation 4.4 1s also used for reef
structures. To determine the constant "b'", the same procedure 1is
followed as was done in the previous section. All data can be
found in tables 9 and 10, and in figures 25b and Z6a. This leads
to:

b 2.6 s + ¢

reef = 7 op reef (eq. 4.12)

Note that the influence of the wave steepness is about half as

small as with conventional breakwaters.
Creef = —0.05 Hy,/Dpsg + 0.85 | (eq. 4.13)

What strikes is the fact that., with a fixed value of the wave
steepness, a larger relative wave heilght gives a smaller value

of the constant “breef“' This in contrast with conventional




breakwaters where, with a fixed value of the wave steepness, a
larger relative wave height results in a larger value of the
constant "b". The author can not give a satisfying explanation
for this. Fact is however that the pattern of crossing lines in
figure 17b to 18 was much less convincing to recognize than it

could be done in the same figures of other data sets.

The results for reef type breakwaters now become:

Kt = g ¥ RC/DHSO + b (eq. 4.1)
a = 0.031 Hy,/Dy5g — 0.24 {eg. 4.4)
b =-2.6 Sop 0.05 Hy,/Dpsg + 0.85 (eg. 4.14)

An overall view 6f the formulas for reef type breakwaters is =
given in figure 40. In this figure the results of further

analysis, presented in the following sections. are also given..

4.3.3 Discarded data sets

There are 2 data sets which are not used in this derivation,
namely Powell and Allsop (1985) and Daemrich and Kahle (1983).
To start with the data of Powell and Allsop (1983), using these
data resulted in a very large spreading of data in all the
figures. Moreover the inaccesgibility established i1n advance due
to uncertainty about the wave height at the structure, made this

data set unsuitable to use for the derivation of a standard

formula. Yet the formula of Ki,..f Ccan predict wave transmission
coefficients for this data set. To do so, the constant 0.85 in
equation 4.14 must be replaced by 0.635. Apparently these
homogeneous structures showed the same behaviour towards wave
transmission as the reef type structures, which are homogeneous
as well. The replacement of 0.85 by 0.65 can be explained by the
difference in behaviour of reef type and statical stable
breakwaters, a different definition of R, = 0 and last, but not

least, the earlier mentioned uncertainty about the wave height

36




at the structure. The use of the formulas for reef type
structures on the data of Powell and Allsop (1983) will be

discussed further in section 4.7.

The use of the data of Daemrich and Kahle (1985) also lead to a
large spreading in the figures, although the coefficients found
for the formula and this data set matched reasonably well, see
figure 24a. In a figure of the constant 'c" versus H.o/Dpsg the
whole group of data points is moved downward for the 1.0 m crest
width, and upward for the 0.2 m crest width. This shift, which
is structural, is shown in figure 26b. The data on this figure
are given in table 10. Figure 26b indicates that the constant
0.44 in equation 4.11 must be replaced by 0.32 for the 1.0 m
crest width and by 0.5 for the 0.2 m crest width. Doing so the
fofmula of Ky for conventional breakwaters, used on this data
set, leads to good results. These adaptions will be discussed

more extensively in chapter 4.4,

4.4 further specification of formula

4.4.1 Derivation

The question now is whether the last part of the formula, the
constant 0.44 for conventional (eg. 4.11) and 0.83 for reef type
breakwaters (eq. 4.14), can be further specified with reasonable
reliability. This should be done by relating the constant to
one, or more, of the parameters not used so far. These remaining

parameters are all breakwater properties:

relative crest width. :B./Dys0
bulk number :Bp
permeability factor :P

slope angle rcota
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The formula for wave transmission was given by:
a * RC/DDSO + b (eq. 4.1)

By replacing the constant 0.44 in equation 4.10 by a "constant"

_which is still to determine., egquation 4.10 can be written as:
+ 0.0323 H,,/Dysg + constant (eq. 4.13)

The part of "b" which is a function of Hy, /D, sq and Sop is
called "b-formula'" (bg'). With given data 1t can be calculated.

For conventional breakwaters:

~5.42 Sop + 0.0323 Hp,,/Dpsqg (eq. 4.16)
he value of "b" can be measured in the figures of K versus
relative crest height. figures 16 to 23. as 1s done in section
4. 3.1. This measured value of "b" was called "b-measured 2"

Ibmz); Equation 4.15 can now be written as:

= bf’ + constant (eq. 4.17)
And thus
5onstant = b2 = bg' (eq. 4.18)

11 values are given in table 9. To investigate a possible
elation between the constant and one of the remaining
arameters, figures were made of the constant versus one
arameter or a combination of parameters. Only the figure which
esulted in a clear relation is shown here. It appeared that the
se of the relative crest width (Bo/Dpsg) gives the best
lationship with the constant, see figure 27a. A power curve is

itted through the data points of conventional breakwaters:

onstant = 0,51 - 0,0017 (B./Dysg)l 84 (eq. 4.19)

38




zThis leads to a slightly declining line up to a relative crest
width of 10. For higher values of the relative crest width the
' line declines more rapidly. This is in accordance with the
 theory which states that crest width has little influence on
wave transmission for "small and normal" values of the crest

width. It explains why a power curve is used. and not a linear

he power curve 1Is fitted through data points of Van der Meer

1 (1988), Daemrich and Kahle (1985), Seelig BW4 (1980) and the
_present tests. It must be realized that the tests of Daemrich

nd Kahle (1985) are performed with tetrapods in stead of rock,
§Which is used in the other tests mentioned here. Tetrapods are
ore permeable than rock. This means that the tests of Daemrich
nd Kahle (1985) performed with an armour layer of rock, in
stead of tetrapods, would result in somewhat smaller values of
the wave transmission coefficient Ki. A smaller K; leads to a
maller value of the constant, see equation 4.18. Looking at the
bwer curve f{(eqg. 4.19) this could imply that the curve of the
ine is more smooth for a relative crest width smaller than 10,
~and more steep for a relative crest width larger than 10.
‘Whether this assumption is correct, can not be verified with the

vailable test data.

The data of Ahrens do not fit in the curve at all. This is not
urprising while a different formula is used for conventional
and reef type breakwaters. While there are no data available for
eef type breakwaters with larger crest width, a further
8pecification of the constant in the formula for these

tructures is not possible. At least not in relation to the
‘relative crest width. One could assume the same curve of the
'ine as the one for conventional breakwaters. This. however, is

Questionable assumption which will not be further discussed.
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‘he formula for wave transmission at conventional breakwaters,

ith equation 4.19, becomes :

R./Dpgg + b ‘ (eq. 4.1)
0.031 Hy /D sq — 0.24 (eq. 4.4)
-5.42 sq, + 0.0323 Hy /Dysg + 0.51 = 0.0017 (Bc/Dn50)1-84

(eq. 4.20)

overall view of the formulas is given in figure 39.

4.2 Discarded parameters

’loser look must be taken at the parameters which are not
icluded in the formula. These are: slope angle, bulk number and
,fmeability factor. All these parameters did not show a more or
s clear relation with the constant. Therefor figures of these
,ameters versus the constant are considered redundant and are
shown in this report. It will be attempted to give an

blanation for this:.

st it must be mentioned that breakwater properties are local:
the influence of a property on wave transmission it makes a
ference what part of the structure is attacked by the waves.
5 1is dependent on the relative crest height. Since "bp" is
isured at a relative crest height of zero. a lot of the
akwater properties are '"hidden'" under the water level. When
_water level is equal to the structure height, a wave will be
ected mostly by the upper part. with a size of half the wave
'ght, of the breakwater. At thé conventional breakwaters

ted this "involved" upper part of the structure was only 10
20 percent of the total structure height. Now 1t becomes more
ar why the relative crest width does., and other breakwater

perties do not have influence on the constant in the formula.
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This will be worked out in more detail.

Slope angle

According to various sources in literature the slope angle has
little or no influence on wave transmission. Only a very steep
or very smooth slope will affect a structure's behaviour towards
wave transmission. All slope angles of the structures tested
were within a rather limited range of values, namely 1:1.5 to
1:3. Furthermore the influence of the slope angle on wave
transmission 1s an influence on wave run up which can only take
place with high, positive, values of the crest height. With a
relative crest height of zero, wave run up, and hence slope

angle, 1is not of much importance.

Bulk number

The bulk number is defined as:

2 (eg. 2.4)

By = At / Dpsg
So this breakwater property is derived from the whole structure.
while at a relative crest height of zero., the upper part of the
structure 1is most involved. In this case the bulk number is not

a significant breakwater property.

Permeability factor

The permeability factor defined by Van der Meer (1988) is, among
other things, derived from the ratio of the nominal stone

diameter of armour layer and core. But, as the upper part of the
structure is most involved, the waves will be mostly affected by
the permeability of the armour layer. The permeability factor is

not a significant parameter in this.case.

Finally
The fact that the three above mentioned parameters have no

influence on wave transmission when the crest height is equal to
the water level does not imply that they have no influence at

all. At high, pbsitive, crest heights there probably will be an
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influence. But it can be assumed that the influence of relative
crest height R./D.5q. relative wave height H . /D, 54 and wave

steepness s is dominant in the case of low-crested and

op
submerged breakwaters.

4.5 Minima and maxima

The derived formula stands for a straight line in the figure of
the wave transmission coefficient K; versus the relative crest
height R./Dps5q- It can produce values of K¢ which are larger
than 1 for large negative values of R./D.sq and which are
smaller than 0 for large positive values of R_./D 5n. As this is
physically impossible, and hence not in accordance with the test
data, the formula must be restricted. This can be done 1in a
"horizontal” or in a "vertical" manner, or in both horizontal
and vertical manner. Figure 27b gives an i1dea of these methods

of restriction.

First the vertical method will be discussed. The vertical method
means that at fixed values of +RC/Dn50 and —Rc/DnSO the minimum
regpectively the maximum of the wave transmission coefficient is
reached. Frdm the formula of Van der Meer (1990), see equations
3.5 to 3.7 and figure 2, conditions for vertical restriction can
be derived, only a relative crest height is used which is
defined as Rc/HmO' The minimum is valid for R./Hj, > 1.2. the

maximum for Rc/Hmo < —=1.1. This can be rewritten as:

Rc/DnSO > +1.2 Hmo/DnSO :minimum Kt
RC/DHSO < —=1.1 I—ITHO/DHSO rmaximum Kt

0.10 (eq. 4.21a)
0.80 (eq. 4.21h)

An unsurmountable problem of this method is the connection with
the formula for wave transmission proposed in this report (eq.
4.1). There will be discontinuities at R./Dpsg = +1.2 and
R./Dpsg = —1.1. Furthermore it does not guarantee a wave

transmission coefficient between 0 and 1.
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This guarantee can be provided by the horizontal method of
restriction. With this method the wave transmission coefficient
becomes the value of a fixed minimum/maximum when this value is
under/overrated by the formula. At first sight this seems to be
quite a rough method, but it offers the security of a wave
transmission coefficient between the fixed minimum and maximum.
Furthermore it contains, via the formula, all significant
parameters. This means that a combination of the vertical and
horizontal method becomes needless since the relative crest

height is already taken in to account in the formula.

Now the values of the minimum and maximum must be determined.
This can be done in two different manners. The one is a fixed
value for all structures and wave circumstances, the other is a
value as a function of one or more parameters. With a value for
the minimum/maximum as a function of one or more parameters, one
returns to the problems of a vertical restriction. So it is
tried to find fixed wvalues for all cases. To do so. in figures
16 to 23. where possible, minima and maxima are measured for
constant wave gsteepness and relative wave height. These data are
shown in table 11. Figure 28a shows the minimum/maximum wave
transmission coefficients of table 11 versus relative wave
height. It can be seen that the minima and maxima do not
fluctuate to much with increasing relative wave height, altheugh
certain trends can be recognized. As the values of the minima
and maxima were measured at different relative crest heights,
however, it 1s difficult to draw conclusions out of these
trends. Figure 28b shows the minimum/maximum wave transmission
coefficients versus the wave steepness. The same, nearby,
constant wvalues of the minimum and maximum K. are observed.
Because of reasons of simplicity as well, the minimum and
maximum are assumed to be fixed values. In figures 28a and 28b
lines are drawn for the mean minimum and maximum K., for
conventional breakwaters (solid line). as well for reef type

breakwaters (dash 1line). The results:
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conventional breakwaters: minimum Kt = 0.075 {(eg. 4.22a)
maximum Ky = 0.75 {(eq. 4.22b)

i

eef type breakwaters: minimum Ki 0.15 (eg. 4.23a)
maximum Ky = 0.60 (eg. 4.23b)

ble 13 shows some statistics on the use of equation 4.22 and
23. It is seen that the standard deviations of the minimum and
ximum in general are smaller than the ones of the formulas
yived in this report. The standard deviations of the various
ymulas will be discussed in section 4.7. The restrictions on
o/Pnso and Sop- which are used in table 13, will be discussed
sections 4.6.1, respectively 4.6.2.

fixed maximum of 0.75 (eq. 4.22b) for conventional

akwaters gives less good results then the minimum (eqg.

2a) . This probably is caused by the fact that the relative

e height and the wave steepness do have some influence on the
e of the maximum. Figures 28a and 28b show a large spreading
ata around the line of Kymax = 0.75. Figure 29a shows all
of conventional breakwaters with the minimum and maximum of
tion 4.22. In this figure again it i1s seen that the

ading of data points around the minimum is smaller than the
ading around the maximum. For positive relative crest

hts data are available up to R./Dpsg = *5. for negative

n50 ©only down to R./D -3. This makes 1t hard to perform

nS50
ler analysis on the definition of the maximum. It can be
med that the wave transmission coefficient will increase to
absolute maximum of 1.0 for even smaller negative values of
‘n50 then the ones used in the tests. The range of

, for conventional breakwaters. 1s given by:

c¢/Dpsg < +5 (eg. 4.24a)
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Figures 30a and 30b show all data, respectively the data at
which the crest height, during the test, lowered less then 10
percent of the initial height, of Ahrens (1987). These data
concern reef type breakwaters. The minimum and maximum of
equation 4.23 are also shown. Figure 30a shows a large spreading
around the maximum. However, for negative R./Dpsp. the mean
value of Ky 1is about 0.6. This spreading is caused by tests at
which a severe lowering of the crest height occurred. In figure
30b this spreading is much smaller. The large spreading in both
figures around the minimum is caused by the use of very small
values of the wave steepness. This 1is seen as the standard
deviation of the minimum decreases dramaticly when data with
these small values of s are not taken into account. The

op
exclusion of data because of very small values of Sop Will be

p
discussed in section 4.6.2. The range of investigation, for reef
type breakwaters at which the crest height, during the test,
lowered less then 10 percent of the initial height, is given by:

o]

The range of investigation. for all reef structures, is given
by

~6 < R./Dpsg < 6 (eq. 4.24c)

The definition of the minimum as a fixed value excludes the

influence on it of parameters. Thus the influence of the nominal
diameter D gq too.‘The objection mentioned in section 4.2 to the
use of D54 because it has no influence on wave transmission at

well submerged structures, is thereby of less importance.

In the scope of determining the minimum, the method of Hamer and
Hamer (1982) can be mentioned. They relate wave transmission to
wave run up. As the minimum is reached for large positive values
of Rc/DnSO' wave run up can be the main parameter because at

these values of the relative crest height wave run up
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determines, against transmission through the structure,the
transmission coefficient. Hamer and Hamer (1982) assume a linear
relation between the wave transmission coefficient and the

relative run-up. The relative run—up is defined as:
Rc/Ru = R, / H,o Xi (eq. 4.25)
In which Xi is the surf similarity parameter:

. 0.5 !
Xi = tana / Sop (eq. 4.26)
Stam (1988) relates run-up to levels of run—up. For example the
2 percent or the significant run-up. The formulas of Stam (1988)

in general are given by:
Ru/Hy, = a XiP (eq.4.27)

a and b are coefficients for various levels of run—-up. These
formulas are used on the method of Hamer and Hamer (1982) in an
attempt to find a minimum which is related to the relative run—
up. Figure 3la shows the use of the method of Hamer and Hamer
(1982) for the 2 percent run—up level of Stam (1988) on the data
of Van der Meer (1988) and the present data. For this run-up
level the coefficients a and b in equation 4.27 are respectively
0.96 and 1.17. In figure 3la positive crest heights are used
only. It is seen that nol much of a linear relation is present.
By fitting a curve through the data it is seen that the data
points which do not fit in this curve represent wave
transmission through the structure. instead of transmission by
overtopping. In this way the use of the relative run—up provides
some insight in the reaching of the minimum. The fact that the
relation between relative run—up and transmission coefficient is

more of an exponential kind, can be explained by looking at the
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definition of the relative run—-up. Using equations 4.25 and 4.26
the relative run-up is given by:

Ro/Ru = R./H  (5,,9°7 / tana). (eq. 4.28)

op

In section 2.4.3 a relative crest height R*p was given by:
R*, = Re/Hy, (5,99 / 2m) (eq. 2.5)

The use of R*p versus K; on the data of Van der Meer (1988) is
given in figure 5b. Equations 4.28 and 2.5 are almost identical.
Therefor it is not surprising that the figures of relative run-—

up and R*_ show the same tendency. It is concluded that relative

run—up degcribes wave transmission in the same way as the
relative crest height R*p. Further analysis is needed to
determine whether the minimum transmission coefficient is better
described by using the relative run-up or by a fixed value of
the minimum. During the present study., this analysis is not

performed.

4.6 Applicability of wave transmission formula

A first analysis of the results of the formulas, equations 4.1,

4.4 and 4.20 for conventilonal and 4.1. 4.4 and 4.14 for reef

type breakwaters, showed that the reliability became less when
using very small or very large values of the relative wave
height and wave steepness. Therefor the results of the formulas
are shown in two manners. In the first all values of Hpo/Dhso
and Sop are allowed, in the second these values are restricted
between certain boundaries. This range of application is
determined in the next 2 sections. The case of a small relative
| wave height is treated more extensively because it often showed

up in the analysis of section 4.3.

R

The actual results of the formulas are discussed in a

i

.
_
.
-
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statistical way in section 4.7 and shown in table 13 and figures
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33 to 36. In these table and figures the results of using the

range of application is also shown.

4.6.1 Relative wave height

A special group of data is formed by data with a relative wave
height smaller then about 1.5. Figure 24a and 24b showed that
this group of data did not fit in the line which was drawn for
the data with a relative wave height larger then 1.5. It will be
analyzed here whether the formula for wave transmission can be

used for these data, or if adaptions are needed and can be made.

For a relative wave height between 1 and 2 enough data are

available to draw lines of constant wave steepness and relative
wave height. This has already been done in figures 16 to 23. It
becomes more difficult for Hyo/Dpsp ¢ 1, where only single data

points are available, see table 12 and figure 31b.

First the dbnsequences of the use of the formula for Ki on data
with small Hmo/DnSO wlll be discussed. Therefore the formula

will be repeated here:

K =a * R./Dysg + b (eq. 4.1)
a = 0.031 H, /D s, - 0.24 (eq. 4.4)
b = =5.42 s,, + 0.0323 Hy /D5y + 0.51 - 0.0017 (Bg/Dpgq) L 0%

(eq. 4.20)

When Hpo/Dpsp becomes smaller then 2. the coefficient "a" will
have a value of about 0.18 to 0.24. This is slightly lower than
in figure 24b in which these data have coefficients of 0.23 to
0.27. This means that the formula results in a slope which is a
little too flatly.

While the relative crest width is constant per structure and
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Hmo/DnSO is smaller then 2, the constant "b" will now only be a

function of the wave steepness s This means that large values

op"
of sop. with small values of Hmo/DnSO' will lead to somewhat

small values of "b'".

Now the real test results will be looked at. Again it is noted
that too less data are available to make reliable statements
about the situation of Hmo/DnSO < 1. So it is chosen here to

discuss the situation of Hyno/Phsg < 1 in a more qualitative way.

In figure 31b all data with H,o/Dhsg < 1, shown in table 12, are
plotted. The lines of the formulas for wave transmission are

also given. These lines have been drawn with the following data:

Daemrich and Kahle (1985), B, = 0.2 m: upper 2 dash lines:
Sop = 0.01 ; Hyo/Dpsg = 0.40
Sop = 0.02 ; H,,/Dpsp = 0.80

Present data: left solid line:

Sop = 0.02 ; Hmo/Dn5O = 0.80

Daemrich and Kahle (1985), BC = 1.0 m: lower Z dash lines:
Sop = 0.0l M HmO/DHSO = 0.40
Sop = 0.02 ; Hmo/DnSO = (.80

Ahrens (1987): right solid line:

Sop = 0.001 ; H,,/Dpgg = 0.80
From these lines it is seen that the data points are reasonably
well described by the lines. Even the data of Ahrens (1987),
which have an extreme small wave steepness of 0.001, are not to
far removed from their line. The case of a very small wave

steepness (s < 0.01) is treated in section 4.6.2.

op

Figure 31b also shows the difference in behaviour of structures
With a more and less permeable armour layer. This concerns the

data points plotted. not the lines of the formulas. The data of

49




the present study, with an armour layer of stone, D545 = 0.040
m, increase slightly with decreasing relative crest height. The
data of Daemrich and Kahle (1985), with an armour layer of
tetrapods, DnSO = 0.078 m, have already reached higher values of
Ky at R./Dp5qg = 0. Apparently small waves have much trouble
passing a relative impermeable armour layer at positive relative
crest heights. It can be expected that., when the relative crest
height decreases that waves can pass unhindered., the value of K¢
will increase rapidly to its maximum. This results in a steep
curve of the Ky versus R_./Dj5q line. A less steep curve is
caused by the permeable tetrapods, used by Daemrich and Kahle

(1985). With a positive relative crest height. small waves can

pass more easy through the armour layer. and hence cause already

larger wvalues of K¢ at positive values of R./Dh5g- It must be

e

CeeadE e

mentioned here that around R, = 0 the definition of R /D59 is
very important. The question is what definition is used by
Daemrich and Kahle (1985) for tetrapods. A definition which
differs from the one assumed in this report. will cause a small
shift in the Kt versus R.,/D5q figure. The foregoing described

trend however, will keep its value.

Another interesting figure which can provide more insight in
situations of H,,/Dpgq <1 is figure 32a. This figure shows the
relative wave height versus the wave transmission coefficient
for various classes of R./D g9 and a wave steepness of 0.02.
Also the lines of the formula for Ki (eq. 4.1, 4.4 and 4.20) are
drawn, according to the given fixed values of R./D 55 and as a
function of H . /D.gq. The data are given per R./D,5g. From this
figure it can be concluded that the general trend 1s described

well. For a negative R./D (-0.98), the measured Ky becomes

5
larger than the predictednKi in the area of H ,/Dysp < 2. With a
positive R./D.xny (0.24 and 0.73) the measured K, becomes smaller
than the predicted Kt when Hj,/Dpsg < 2. When the relative crest
height becomes an even larger positive value (1.22 and 2.34).
with decreasing Hoo/Phso- the data tend to go more quickly to
their minimum. This minimum apparently is somewhat higher than

the fixed minimum of equation 4.22a due to the use of a relative
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permeable core in the structure tested for the present study.
From this figure it can be confirmed what was already seen in
figure 24b: when the relative wave height becomes smaller then

about 2, the coefficient "a'" of the formula must be larger.

Figure 32b again shows transmission coefficient versus relative
- wave height, but now the data are given for a wave steepness of

0.02 and 0.04, with each 3 crest height classes. The lines of

the formula are drawn in too. This figure confirms the above

described trend.

The formula for wave transmission can be used for small relative

wave heights. Figures 32a and 32b however showed a structural

deviation between measured and calculated Kt for Hmo/DnSO < 1 to

2. So the reliability of the predicted wave transmission
coefficients will be less than the ones calculated for Hmo/DnSO
>1 to 2. The lower boundary of the relative wave height is
determined at H /D, g5 = 1.

Very few large‘values of the relative wave height were present

S s

in the data sets. For conventional breakwaters the largest was
6.7, for reef type 8.6. Up to Hyo/Pnso = 6 the formulas lead to
good results, higher values give less reliable results. The
problem of large wave heights is probably that the stability of
the armour units is brought in danger. So the upper boundary of
the relative wave height 1is related to stability of the
structure. The upper boundary of the relative wave height is
determined at Hyo/Dpsg = ©-

The range of application for the relative wave height is given
by :

1< Hoo/Pnso < 6 (eq. 4.29)




4.6.2 Wave steepness

Very large values of the wave steepness will lead to breaking of

the waves. Physically the upper boundary of the wave steepness

 is about 0.05 to 0.06. The formulas give good results up to a

value of 0.05. Larger values can be used, but will lead to less
reliability of the predicted transmission coefficient. The upper

boundary of the wave steepness is determined at Sop = 0.05.

=

Very small values of the wave steepness (sop < 0.005) lead to
very long swell, which has a different behaviour towards wave
transmission then short wind waves. The formula can not predict
the very high transmission coefficients caused by swell. Down to
a value of 0.01 of the wave steepness the formula gives good
results, between 0.005 and 0.01 the results are less reliable.

The lower boundary of the wave steepness is determined at 0.01.
The range of application for the wave steepness is given by:
{ s < 0.05 (eq. 4.30)

op

4.7 Validity and reliability of formulas

n overall view of the formulas for wave transmission at
onventional and-reef type breakwaters is given in figure 39,
Spectively figure 40. The results of using the formulas on the
est data are presented in figures of the measured versus the
1cu1ated wave transmission coefficient. See figures 33 to 36.
ese figures are made with (b-figures). and without (a~figures)

above described range of application. This range was defined

1 < Sop < 0.05 (eq. 4.30)

is the range in which the relative wave height and the wave
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Steepness are usually situated. In table 13 the statistical data

on the figures are given.

Figure 33 shows the conventional breakwaters. These are: Seelig
BW4 (1980), Daemrich and Kahle (1985), Van der Meer (1988) and
the present data. What can be seen is that the value of the
maximum is too rough for the data of Daemrich and Kahle (1985).
This probably is caused by the larger permeability of the armour
layer (tetrapods) used on their structures. The use of a
different definition of R. for tetrapods can also be a reason

for the larger spreading of these data around the maximum.

Furthermore figure 33b shows a smaller spreading for the data of
Daemrich and Kahle (1985). In several tests they used relative

wave heights smaller than 1.

The data of Seelig BW4 (1980) do fit in nicely in figure 33a,

except for some data with a very large wave steepness which are

iR

left away in figure 33b.

The data of Van der Meer (1988) and the present data are shown
together in figure 34. A smaller spreading than in figure 33 is
reached. This was to be expected because the lines drawn in
earlier figures of these data showed a clear pattern which
corresponded to the theories mentioned in chapter 2 and on which
basis the formula was derived. In figures 16 to 17a and 21, it
is seen that the pattern of crossing lines do fit in in the data
points. Data sets which do not show such a pattern, for example
Daemrich and Kahle (1985) figures 19 and 20, will therefor have
a larger difference in measured and calculated wave transmission
Coefficient. Whether this different pattern in figures 19 and 20
is a result of breakwater properties or testing circumstances is
hard to say. Probably the large permeability of the armour layer
is of great influence. At negative crest heights large waves are
much less affected by a crest of tetrapods then by a crest of

rock. In this way lines of constant relative wave height will

53




not have to cross each other, but just come more near to each

other with decreasing relative crest height, as is seen in

figures 19 and 20.

The standard deviation of the formulas used on all conventional
breakwaters, in the range
tests of Van der Meer and

of application, is 0.048. For the

the present research this is 0.029.

.
.
'
@
:
é
-
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of Ahrens (1987) from tests at which

Figure 35a shows the data
during the test, less then 10 percent

the crest height lowered,
of the initial height. The formula for reef type breakwaters is

used. Still a large spreading is present. With a restriction of
the wave steepness between 0,01 and 0,05 a smaller spreading is

observed, but now very few data points are left. The same effect

of a decreasing standard deviation, by using the range of

application, is observed for all data of Ahrens (1987). see

figure 35b and table 13. Ahrens (1987) used many values of Sop
even down to 0.001. Although a reasonable

smaller than 0.01,
a remark about

accuracy for reef type breakwaters is reached,

wave transmission at these types of structures must be made. At

a reef type breakwater the values of Hro/Phso and Sop will not

have influence on wave transmission only, but on the damage of

the structure as well. This damage results, among other things,

_in a lowering of the crest height. It is obvious that a lowering
of the crest height results in more transmission over the
Structure. A larger wave, which causes more transmission at
positive — and less transmission at negative values of Rc/DnSO’
will cause more damage to the structure and hence a larger
decrease of the crest height so the wave can pass more easily.
he same yields for the wave steepness. A smaller wave steepness
auses more transmission, but also less damage to the structure
hich leads on his turn to less transmission. So the phenomena

hich determine wave transmission at reef type breakwaters can

€ competitive. This explains, for example, the minor influence

I Sop which was noted in equation 4.12. Figure 37 shows R./Dps0

frsus K, per s._, for the data of Ahrens (1987) used in figure
t op

Comparing this figure to figure 13, the minor importance of

o4




sop on wave transmission at reef type breakwaters is obtained.
It can be expected that wave transmission at reef type
breakwaters is better described when the dynamic stability of

the structure is taken into account.

The standard deviation of the formulas used on all reef type
breakwaters, in the range of application, is 0.054. For the
tests at which the crest height lowered less then 10 percent of
the initial height this is 0.031.

Figure 38 shows data sets which are not used in the derivation

of the formulas. They will be briefly discussed hereunder.

The data of Powell and Allsop (1985) are calculated with the
formula for reef type breakwaters, only the constant 0.85 is

replaced by 0.65. The maximum for this data set is determined at

Ky = 0.85. With these adaptions a reasonable spreading is
reached, but at the same time the use of adaptions makes it

hard, if not impossible, to draw conclusions out of the results.

Mesmiadlsns G TR

In a way this is not important because this formula was derived

for such a special data set that its use for other homogeneous

breakwaters probable is not possible.

The data of Allsop (1983) are calculated with the formula for
conventional breakwaters. The structure tested by Allsop was the
only one to have a filter layer. What strikes is the fact that
with high positive values of the relative crest height, R./Dphs0
> 2, still high transmission coefficients were measured. All the
other data sets have already reached their minimum at R./Dpsg »
2. This difference can be a result of more transmission through
the structure or (much) more wave run up. It 1s also possible
that Allsop (1983) used a different definition of the crest
height then is done in this report. This last item would explain

a lot.

The data of Seelig BWS and BW10 (1980) are calculated with the

formula for conventional breakwaters. Seelig used small values

25
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of H,,/Dhsg only, approximately from 0.7 to 1.6. At the same
time very high values of the wave steepness were measured. In
the range of application the data of BW1O do fit in nicely. The
data of BWS cause a large spreading, especially for a relative
crest height of R./Dsg = ~1.08. Since 1n this area of the
relative crest height the definition of R. is very important,
probably a different definition is used for the tests on BWS.
This assumption becomes even more reliable when it is noted that
all calculated transmission coefficients at R./D g9 = —1.08
consequently are too large compared to the measured Ki. Again it
is noted that for the use of the formulas, proposed in this
report, the definition of RC is very important. Especially with

a water level near to the crest height, this is true.
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NOTATION

e
o+

3

n50

b
BC’
B
c
a
D
g
h
h

coefficient (=)
cross sectional area (m2)
constant (-)
crest width (m)
bulk number, At/(Dn50)2 (-)
constant (=)
coefficient (=)
nominal diameter, (M/rho)l/3 (m)
gravitational acceleration (m/sz)
water depth (m)
armour crest level relative to seabed,

before respectively after wave attack {(m)
incident significant wave height (m)
significant wave height based .

on wave: energy spectrum, (mo)1/2 (m)
significant wave height, average of

highest 1/3 of all waves (m)
transmitted significant wave heilght (m)
wave transmission coefficient _ (—)
local wave length calculated with Tp (m)
mass of unit given by 50% on mass distribution

curve (kg)
zeroth moment of wave energy density spectrum (=)
parameter, (HmoAt)/(LpDnSOz) (Hearn 1987) (=)
permeability coefficient (Van der Meer 1988) (=)
crest freeboard (—)
dimensionless freeboard, (R./H.) * (sop/z'rr)l/2 {(—)
wave run—up (m)
fictitious wave steepness, (ZWHmO)/(ngz) (=)
peak wave period (s)
structure front face angle (~)
mass density of armour (kg/mB)

surf similarity parameter (—)
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8 .20 L1277 LAE 030 120 950 105 AT
7 121 17 LA 030 L 110 9300 3085 178
10,121 095 .42 030 090 L2700 025 237
11 .121 .099 .45 030 075 1,220 3028 2473
12,120 073 L34 .03¢ 070 L6600 3,025 L.B23
13,121 049 1.02 030 070 2,430 3025 L1223
14 154 132 1,67 030 100 1170 3830 1300
S .15 .117 .57 .030 150 1320 LSO 2,939
f6 154 097 1,43 .030 .055  1.380  3.BR0 2435
17 154 (047 1,19 030 050 2,300 3.8 1,473
18,154 049 (.07 .030 050 B0 L 1,225
long 19,121 (130 .17 .00B 220 g3 2 3,250
regige 20 12D 123 .17 .008 L1900 80 F0ES 0 3075
21 121 .08 347 008 L130 L4500 3025 L.073
22 121,059 347 .004 L0360 20600 3020 1473
23 156 115 347 .007 L1150 L3A0 300 LTS
24,156 11 347 L0077 Li200 L4100 00 2773
5 L1564 100 3.7 .006 085 1.GAD 3900 2500
2 L156 .074 .47 .00 075 M6 3900 1LB30
27 .15 080 47 L0063 080 3150 L.900 LLES0
Table I, Data op Allsop {1963
Data points taken from Fig. 3.5 of Powell and Allsop (1983
-Rock structure with filter layer and core
" Slope angle 132




Section R Hs  Tp  sop Kt Ro/Ms Ro/DBn5G Hs/Dn30iSection R Hs  Tp sep Kt Ro/Hs Re/DnS0 Hs/DnS0
o m 5 - - - - - a & 5 - - - - -

2 079 118 1.64 .028 .23 (665 10035 1.535)5 final .033 (1B9 2,3¢ 023 433 175 437 2.4B8

JA00 (115 .64 .027 5200 000 000 1.507 =045 ,221 30 .07 487 -.205 -39 2.913

- 141 117 L84 028 LBOZ -1.20Z2 -1LB34F 1343 - 150 243 2,30 029 708 -.617 -L974 3200

A79 164 2016022 .297 481 1033 2,133 - 186,222 2,30 027 .73 -.83B -2.4527 2,925

L0000 L182 216 025 435 000 000 Z.35%0 & -.012 L1IB L.e4 0B L4120 - 104 - 160 1L333

- 140 (184 Z.i6 025 .78 U787 -1LB34 2.4 -.090 18 1.64 027 L6790 794 -1L1%6 1.507

X’ A7%.118 1.6 028 327 66D LBTE LIS -.232 17 1,64 .028 B9 -1.977 -1.030  1.543

000 115 Led P27 L3360 L0000 000 1.273 =02 (164 2,16 022 400 -07F  -Jd60 2153

- 441 171484 026 .BAE -1.302 -1.366 1343 -.091 182 2,16 .023 (5A0 500 -1,1%4 2,392

A79 J16F 2,16 022 344 461 LB74 L.EB =232 .184 2,16 025 .B29 -1.ZE2 -3,030 L34

00 L1827 2146 023 .47 000 L0000 200200 7 -.058 L118 1.44 028 .63 -.4BB 780 1,335

- 141 J1B4 216 .023 L7500 - 767 -1LGhh 0 2040 - 136 L5 L6407 BT -L1R0 L7940 1507

4 L7718 164 L0238 VRS AR 1L03F 0 1L035 =277 17 164 028 946 -E.3A4 -L64B 1,543

(000 119 1.A4 .027 .512 .000 000 1.507 -.038 L1684 216 L0227 .8%27  -.35F -7R00 1S3

- A8 11714028 L8764 -1 20 -1LE3Y L343 - 136 182 216 025 L6BY 0 -.730 -L7%4 2.I92

7716 2,16 022 JABD 1035 2,153 - 277 184 216 020 877 -LLSI0 -T.064B 0 2L4ME

000 182 2016 .025 L4580 L0000 L0000 2,392 8 LO33OL08¢ 1,39 .030 30 36T 437 1190

- 141 L1B4 Z.16 025 L7300 -.747 -1.B34 2.416 -, 045 L0910 139 030 345 -.500 -.09B 0 1.1%4

3 L3118 164,028 .35 .IBD 837 1.ESE - 130,095 1,39 .03 870 -1.387 -1.974 1,244

-.045 115 L.64 .027 .39% - 397 -89 L1507 - 186 .092 1,39 .03 980 L0200 -Z.452 1,214

- 186 LI17 1.4 L02B .B57 -1.389 2,437 1.543 433 1B .64 028 L3360 (280 437 L35S

D033 164 2016 022,386 203 437 LS -.045 M5 164 027 (536 <0397 -.5%B 0 1.307

-.045 182 Z.16 .025F 486 -.250 .59 2.3% - 150 L1200 1,44 029 766 -1.245 -1.974 0 1,585

- 186 .184 2,16 L0253 775 -L.015 -Z.451 0 .16 - 186 17 L.A4 L0218 837 -1.589 -Z.452 L343

3 final 03F 1337 186 (028 485 M7 437 Z010 L0330 140 186 026 .38 L2350 437 1834

©o-.043 (147 LLBE 027 627 -0309 -.598 .93 -.04% 131 1.86 028 .482 -.301 -.598  1.9Bb

- 186 .13t f.B6 028 (BI3 -.994 -L.97F 1,98 -.130 134 L.B6 029 L6930 -.973 -L974 0 2.0z

- 186 (183 1,86 027 .BS1 -1,307° -2.452 1.884 -. 186 150 .86 .028 .74 -1.239 -2,457 1,980

L33 .188 216,025 L4460 JIB1 437 2.416 A3 164 216 022 3580 LE03 0 L4370 24153

-. 045 .206 2.1k .02B 520 220 -39 .73 C -85 182 216,025 (475 250 -390 2,392

- 130 229 .06 031 704 -455 1974 3,014 - 130 203 2,16 028 L&A -738 -L9TE 673

- 486 197 216 02T L7700 -.948 2402 2.53%6 - 185 (184 2,16 025 L7268 -1.085 -2.452  Z.4i4

Table 4. Data of Powell and Allsop (1983}
Data released by Allsop
Foreshore slope abouf 1143
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Table 5, Data of Daemrich and Kahle (1983).
- Tetrapods Dn30 = 0.0783 @

Data taken from Figures.

“ -
o B
LA~

i
—

.
[ R e
-1

Lz

-

[y

"

W CIT b
[AC ow]

—

- -
g = » B

N S (O, W S T e
Er Pl Bdt ) el el Gl B et B e
e P

P Ced LT DR e

el

[ R T

(=)

A

Dend)
Fe

[N R S O T N T S |
oL
[ R s

w .
R
[ )

~N =0 L
~ LA b




uy F OO S e B vt B oS RS A B T e B B s T o e O e s I o S et Y s Bt L BoBE S -ws N ¥ TR cen B Ve TS o D g T R O PO ot G o TR s B =
= S T e o A e . B s o S B o e o B LR 0 I en i = TN ¥ B o o N £ e S N o O £ g o S o R gt O o ot S SR oo S e o e R e T =
.Illlu_ \ L L e Vo B B S P B v S I A I © M o= et P L w x I LE  T  v= B v e e Y L o e S S S e I B S S
. Woom o ww W ww e e wow www - " e w w w w @ w a4 m m o w w w w w m e m m w uow
m Lo e R e~ = I =~ i F e S ae T S ¥ B I A e JRUSE BR . S ) R AU B e T R T ¥ I T X o o U e S I ol S W B o SRS TR e * i T e B T o B R * ot B MO e |
e
< LA U = R w o S T o w u W w T N Ui B = L1 A I B T = o o v B o ot N L ol T o TR o S el e o o T i
ua e P DE3OWCE Tee O3 T S w3 e I LD P B | A = e s B B R SRRTSC U B el B S ¥t D SV e SRS S Lo T N ¢ B g T e R ¥ T i ol e
ﬂnuw . Raa TR TR P B o eSS A S M = = s S T = = T w v R o | Rann S w B o T o B S e S SN o RSl e o B T e R s RS g T © i B T Ao v B T E e B S o]
o W w % om m k m e m w0 - ®w w m o m % m ow m w ow m W w om mom w m om w ow w
..... .A.... P nm,. .._:. ] .‘ﬂ. - .‘ﬂ. T_... Py _..mu us _.,_._ AT | Rl ol T § ...1. Roc o SR % N & o T o S B BT O T T ¥ B A LS B o]
L3 i ! b t i 1
i
o e B enc e = B B o T el B el e T s = L R R ol D e T 0 B S} -
e L T L a T ol o T et o e O e = e = N '] mp o e—t P B0 D) e 0
iy L S T R o e A I = TR TS B R v S e | P P73 O P 020 et b
R | 4w w w o om m m w w e w mw ww voow e M e W ow
(¥ bow | 1 1 1 vl g U] e} i ot | 1 [} 1 t Lo ol e I —t
o I ¥ i
[ T S B = R G e B e S ¥ e B U T o L l® S S L = S ¥ i B SR o O ¥ R 3 B e e e s S o T oo O ¥ R ¥ o N v B e [ s i
L R Al e T Vi T A o R e T ¥ o e T R i S Uy} L e o T T = o i B e e R o o S+ e e T e B A S S e O ¥ O R O = S i =~ |
..ul- P B T Vi T § o BN F e SR o 2 < O T 5 T AT e R S e PR o] Can T A I S S Rt T o T o R At B o o e 2 B e B Y B T L B o S B B Bt B 2t )
PO | . " - “ » " 3 - - - - M - - - u - M - - . - - P " - - - . - " » - - u - - "
I3 o=t P o Y e et fus e Jn o i o GRS« N o Lo o]
e ET Lo T S e S e e e I ) b
. fou- R e el [ I e S Sk en] L e i Rty
(=1 v e = [ W e e e .
i
R o R T o o I A T = T B oo T w e B o T o T T e B ol ol i L B T € o e B 0 = B T B ao i + B o N s B S T S v B Sl T T o SN s T i S S - o o T Vo B e
w 3 R T ol ol A IS 6 SE Ear B B et a8 S N LS T o R ol L ol I i S ol o T I ol ¥ Rt - - R Dt w(e e v IS = o I AR T BN KO Ve B DR ol e T S o |
[=1 L T T T e S S S ) w o w e w o m o wm o m e m o w w
[T [ [ S e LN T aar TR e T T vt T e TR v S e B B T T e TR e T o SR N Y B o | [ I o B o B o B B A v T OO o B B T I S I N |
[ o I = B = v B e T = = I € o B S P [ B i = a N U R o B e ' I R S B o o T T~ TR o B o T e B o TS T g B o NS o I ot T i R ol P |
[T I B TR T o BT o T SRR o TR XS TR T o B s B g3 BT e T S L W ¥ ST\l B ot B il S har S ow R s N L A ¥ o B o Y BRI oS S R SR T T T Y L o S 'y ]
[ S et et e weed TS et W D0 T S et et TR AT TR TR e TN ST et wend D6 DTk B vt el med et 00 O emed g DD 0T DD I ey e DD
= W m w ® W = = m s w w .- = L “ w4 % 0w e w w m w W e e m om @ w w w e om
=z
P~ S o S w N B S o S o O R s i = e st T oo B T T I T ol e R SO R B o B~ R » e S s T o TR T R = L o o B S T L o R e T St N S T = w N € B
L S T a2 B ¥ o B S e o TR o T nr R U SR S S S S P D ST Do D S ST S . AR Do SR = S~ oL S = o TR T e B e T o T o e R A oo B Lo o e ", B e e (R B ol = o
L TS TDe I WD The e T T 0T T AN O T oD D DD 3 eI oDDn oDh D O T RT3 0D DS et DS N TN oSS @I O 4Th DD DD D od 3 S DD et et e S D DD
e R . R e e o e R e T T T T Th T T TR T T T T e T T T T T T e e T T e e e T T e Ty T e T T T e e e T T T
i ¢ i 1 ! ' t 1 t 1 | H I I ! H ' t t 1 ! 1 1 ! i
e L L g B e B ST o S o s RS T ¥ o T S s w B o R s TRV S o S D B B Vs S IS B B ol o TS el S (S o i  w oS e B e B e S~ D ¥ o IR Y oS ' S Wb TRRRE T LS IS SR o £ Y o N 50 e o
LA oV T S Vo B o BN o RN = RN TN o T S L P B T o I s B Vs B = T~ T = pU S RS R T S T AR e w o o o o’ om oo Y o ' i = v = v O L o Ve (U SO S W S O s
L
e
! g I o o B Y o0 TN SR oV N S I B S IR S SIES S - o o G G Sl S e S N € B P i T 3 K T ¥ o R U B W R WO T T o N ¥ e O ¥ e Y W W TS ¥ O g A W R Vi S o S B A F ¥ A £ B Pt B P i N Ve T
£
oo
W\
1wy D (Tf et et PR T3 B3 T s W DPe s T QYD UXe e O e e et el WPt T D DD a3l mge e 23 Red D0 R P O m W S
joed et UOCD O o D U1 P P sdDd T BXT e e D 0P R I A .o B Vo B T R RS SR S v B o R € o BEEE N o R = L on N o B S S ]
ey e e Ren T LTE BN e DX DSE UTE oSS e e e e T B . I - B B D T O W e X S S o B LGP I » S e v T RS
A w o oom B m  om om = w om m W e ow w “« w o w ow ow e w m om w om w4 w e m om oa e o ow
] [ I o I i e R R . B i T I e T - B~ B i < T I e~ i L B o~ B I e R~ B o T o o e = v R N T B R e I 3
=
o
=y N I BN o S I T | e i B SR ot ST SR S e ST S ¥ I e B i IR (LS e B AT o T e DR S B s = B oS T o A o F o o S S e I ere T o R S e N SR e R O Rt B el L ¥ = | o
- I ¥ i T Bl G g S o T € o B S R g B o fi
E FaCR T I S B e B S R R B = i ] =
- w w om x ow ow om o e
—t | et Db et O8] et PR w
1 H 1 ! p=-
P
e T ST wes S e e w7 -t
R = o B o o R o B S e I T} i
o R e L I A o Pie B N D L
o W w w e w om W I
1 i — 1 i 1 ]
<
w
el L Bl B o R B g W R} =
Fa B o o SRR o T o o s SO i I i)
[P B LS o ST A I N I i e =
ke W e W woom (=]
B3
(=]
£
[t S e TR i A et N 3¢ T ¥ B
el e wend AT WD AT T 03 N - —t -
Rt o B R or TN~ e ] I ™
- - - - " u - - - [ o QPR -
O ED et
-
— .
[t B B I = = B = B B T R o N A - F
P A B A I S IR S AR I e B P e B U ) Ul e G
- Y - u " - - - - [ v S |
et S A SR S LS IR 2 N S I o TS i S ] LD
b L1
LIt U
[ N - F S W
L e T A = i Tar B B 7 B § e
Er O o o S ¥ T A B oo B el o L el 2 ]
w—g e T 0T SO 2T st sevt e [
" % w m e e owow - G
o U
et g
. s g
P h S W R e £ 03 P S e 3
|t el T A T MR o .. ol S B~ =<
LD o L o R L v Jee e} g
"+ m m w W w w = L T T
¥ 1 H 4 1 -y R
P g §
wown
et TR aar T ol T R B AT ' B O — I M
wpe wmic omp owpr T o sy e eupe LI %
. O W
— L. oz
IR o B Ao T po S Ao BN SOUN b B\ B
TR RLS N |




. Sl_lb’ sith-

[get test Re Hag Tp 540 Kt Fc/Haoke/DnS0Mmo/Dadiset test Re Heo Tp sop kt  Ro/HmoRc/DaS0Hmo/DnS
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- Tahle éa continued. Data of Ahrens (1987}
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Table 7, Data of Van der Heer (1988}

Armour layer- rack

Slope angle 1:2

Diameter armour Dn50 = 0,034 &
Permeability structure perpeable

Hidth of crest ¢.30 a

Slope of foreshore 1136
Water depth al structure 0.4 &

=i 4
Hater depth in flume .80 a
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Table 9 Coefficients "as" and "af® §
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foraulas Daemen
Bata sets Baemen  vdileer Hearn gin, EVE
cony, by’s . (158 093 026 bh
conv, bw's ¢ . 048 . 089 027 L0532
vidtieer Daemen A3 067 027 030
vidffeer Daggen § 029 i) 039 Ak
reaf hw's {(ail} 392 o 073 048 QB0
reef bw's {all) % 54 iy (145 17 L 060
reef bw's [lig.} 387 0B i) il D3
reef bw's (lig.! ¢ 031 (58 04z 018 032
Pofl 058 (50
Fofl 358 0150
Alisop 051 40
Allsop § .45 041
See bwS+bwll 3 097
See beothwll § 58 BBh

cony. ow's = yifleer, Daka 0.2, Bala 1.0, See bed, Daemen

ght lowered less
al height

i
1t
[

[+
—t
1
ot
o
-
Aid

range of application: 1 ¢ Heo/DnS0 ¢ &

4,01 { sop ¢ 0,05

FORMULAS:
Daegen conv: eguations 4.1, 4.4, 4,20, 4,22

Daemen reef: equations 4.1, 4.4, 4.14, 4.23

Daemen min: equations 4.2%z, 4.23a

Daesen max: equations 4.22h, 4.23b

Table 13 Btatistical data on various forsulas
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.fig 2. Proposed formula for wave transmission of Van der Meer
(1990)
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fig 3. Suggested curves of Ahrens (1987) and Hearn (1987) and

Powell and Allsop (1985)
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Smooth Impermeabie

1.5
|
L 1 X BW1 L L .
0 0.5 L0 m 0 0.5 1.0
: " BW4
8:40cm
~ .
54-cma-High Plate
55 70 m ' t 1 | .
BWaw 0 0.5 10 m BWS
BWAW is similar to BW4, but includes a S4-centimeter-high impermeéble plai BWS.is typical of a breakwater built in relatively
HT the cente.r of the structure. shallow water. The armor unit size is large
compared to the structure height
and the core size relatively small.
Material characteristics,
iz 5 i 1 2 3 &
Material | Description Wgs Weo Wis de,
(8) (8) (8 (cm)
A Angular stone | 2,520 1,530 990 8.3
'B Angular stonc| 4,680 3,690 2,900 11.1
C Angular stone 180 68 311 2.9
D Dolos 405 390 390 ~--~
E Flat stone 13,200} 11,2001} 8,100} 16.1
F Angular stone 7,600 4,900 2,500} 12.2

10 was ‘made with an armor one unit thick of well-fitted rectangular rock.
- Material was placed with one surface parallel to the structure face.

fig 6. <Cross—sections of Seelig (1980)
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fig 7. Cross—sections of Powell and Allsop (1985)
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2 PROFILE
S5 |
S 10 ACCRETION | N
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2 0 Y __ 7 DAMAGE PROFILE S~
TTTTTTTTTTTITITTIITTTITTITTTTT CONCRETE PLATFORM'///////////lT77//////1
L 1 { { I i | | i | { | |
0 10 20 30 40 50 60 70 80 90 100 110 120
DISTANCE ALONG CHANNEL, CM
Cross—sectional view of initial and typical damaged reef profiles
(swl denotes still-water level)
Basic Data for Each Subset
Area of
Crest Breakwater
No Water Height Median c Secti
. Depth "as built" Stone Weight ross oection
Subset - of 4 " o W A 2
No. - Tests s * " c* € 50 > & ¢ > ®
1 27 25 25 17 1,170
2 3 25 NA* 17 1,170
3 29 25 30 17 1,560
4 12‘ 25 NA 17 1,560
5 41 25 35 17 2,190
6 11 25 NA 17 2,190
7 38 25 32 71 1,900
8 26 25 ) NA 71 1,90Q
9 13 30 32 71 1,900
10 5 30 NA 71 1,900

* NA denotes not applicable to previous damage test series.

fig 9. Cross—sections and basic test data of Ahrens (1987)
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‘fig 12b.Effect of set—up behind the structure, Present data
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largest wave heights used per water depth, according to
computer wave program ENDEC, Present data
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0.01, Data of Daemrich and Kahle (1985), BC = 0.2 m
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0.02, Data of Daemrich and Kahle (1985), B, = 0.2 m
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CONVENTIONAL BREAKWATERS

0.73

45 R/l

K¢ = a * Ry/Dpsg + b (eq. 4.1)
a = 0.031 Hy /Dps5g — 0.24 (eq. 4.4)
b = -5.42 s, + 0.0323 Hy,/Dpsg + 0.51 = 0.0017 By/Dygqt o4

(eqg. 4.20)
minimum: Ky = 0.075 (eq. 4.22a)
.maximum: Ky = 0.75 (eqg. 4.22b)

Range of investigation:

—3\< R./Dpsg < +5 | (eq. 4.24a)
Range of application:

1 < Hpg/Dpso < 6 (eq. 4.29)

0.01 < Sop < 0.05 (eq. 4.30)

Reliability: o(Ky) = 0.048
90% confidence levels: Kt + 0.08

fig 39. Overall view of formula for wave transmission at

conventional breakwaters



REEF TYPE BREAKWATERS
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Ky = a * Rc/Dn5O + b (eq. 4.1)
a = 0.031 Hp,/Dpgg — 0.24 (eg. 4.4)
b=-2.6 Sop ~ 0.05 Hy,,/Dyg5g *+ 0.85 (eq. 4.14)
% minimum: Ky = 0.15 (eq. 4.23a)
maximum: Ky = 0.60 (eq. 4.23b)
% Range of application:
1 < Hp/Dpsg < 6 (eq. 4.29)
0.01 < Sop < 0.05 (eq. 4.30)

Tests only at which the crest height, during a test, lowered
less then 10% of the initial height:

Range of investigation:

-2 < R./Dpgg < +6 (eqg. 4.24Db)
Reliability: o = 0.031
90% confidence levels: Ky + 0.05
All tests:
Range of investigation:
-6 < R./Dpgg < +6 (eq. 4.24c)

Reliability: o = 0.0534
90% confidence levels: Kt + 0.09

fig 40. Overall view of formula for wave transmission at reef

type breakwaters




