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SUMMARY

This report is the result of the Master thesis of the author, at Delft
University of Technology, Faculty of Civil Engineering. The study was
performed at DELFT HYDRAULICS, in cooperation with Boskalis Westminster
Dredging BV.

Despite the many studies and experiments that have already been
performed on the subject of low-crested breakwaters, one has still not yet
been able to completely comprehend wave transmission and damage
inflicted on breakwaters. The knowledge of the processes oceurring at low-
crested breakwaters is still limited. Moreover only a small number of
experiments is available.

This two-part report is an attempt to contribute to the enhancement of the
understanding of the wave transmission at low-crested structures and the
stability of low-crested breakwaters with an armour layer of Tetrapods.

Part A of this report deals with the derivation of new transmission formulae,
Part B deals with stability of Tetrapods at the three segments, Front, Crest
and Rear of a low-crested breakwater.

During the derivation of the new wave transmission formulae first the
external dimensions of the breakwater are taken into account. Secondly
the influence of permeability has been investigated.

Part A: In this investigation, using various model tests, the following
dimensionless parameters appear to describe wave transmission
satisfactory: relative crest height, R/H,, relative crest width, B/H, and the
breaker parameter, & The choice for these parameters as well as the
influence found in literature and the results obtained in this study, are
discussed.

One parameter which theoretically should influence wave transmission,
namely D,so, has not been taken into account. There are two reasons for it:
First the wave height, H,, has frequently been used to create
dimensioniess parameters. Secondly the influence of the relative wave
height, H,/D,s,, was tried to take into account as the third parameter. Since
there will always be difference between the proposed functions describing
the influence of first two parameters and the data points used for it, it
becomes difficult to bring into account the influence of a third parameter,
Hsi/DnS{)-

Two different functions have been derived. One predicting the transmission
coefficient, K, for permeable structures and one for impermeable
structures. For both functions the maximum and minimum values have
been determined. Also the standard deviations are given.

Part B deals with the derivation of a stability formula for Tetrapods units at
low-crested breakwaters. The following non-dimensional parameters
appear to give a good description of the development of damage: the
relative crest freeboard, R./D,, the stability number, H,/AD,, the fictitious
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wave steepness, s.., the number of waves, ¥ and the layer thickness
coefficient, &,

The data used in this investigation can not be described by the existing
Van der Meer formula for Tetrapods. The influence of the wave steepness
appears to depend on the type of wave breaking, surging or plunging.
Since the Van der Meer formula is only applicable for surging waves and
the new data contains only plunging waves, the influence of the wave
steepness for the new data points is not well described by the existing
formula.

An amplification factor on the stability number, N, depending on R,/D,,
appears to be present. For structures with a crest freeboard lower than
R./D,=2 the stability of the Tetrapods at the Front + Crest segment strongly
increases.

For the Rear segment a design diagram has been derived. Minimum
stability is reached for R/D, between 0.0 and 7.0 In this diagram the
influence of the number of waves and of the wave steepness, s,,, are
taken into account. The influence of the layer thickness coefficient, &, , is
not present in the data. For a relative crest freeboard of R/D, =4 it appears
that damage may develop very quickly. Once damage at the Rear has
been initiated a slight increase in wave height may cause failure of the
breakwater.

From a comparison between the design diagram and the newly derived
stability formula it appears that the Rear segment is never normative
regarding stability. From this comparison it can also be concluded that a
reduction of the nominal Tetrapod diameter at the Rear is very often
applicable.
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Chapter 1 Introduction /

1.

INTRODUCTION

One of the main aims of breakwaters is improving the tranguillity in
designated areas to facilitate cargo handling or to protect natural shore
lines to seabore and wave action. Economic considerations often indicate
that the structural integrity of the breakwater shall be such that the
structure is able to survive severe weather conditions without major
damage. The functional requirements, however, do not always require that
absolute tranquillity is maintained under such conditions. Since the volume
of material involved in the structure and thereby its costs, is proportional to
the square of its height, it is worthwhile to consider the minimum crest level
as carefully as the structural strength of the armour layer.

Therefore it is necessary to give a good prediction for the wave
transmission. Two well known formula describing wave transmission were
derived by Van der Meer (1990b), see Figure 2-8 and by Daemen (1991),
see Figure 2-9 and equation 2.13. Disadvantage of the first is that much
scatter still remains. Disadvantage of the second is that, since use is made
of the nominal diameter to obtain non-dimensional parameters, the
approach is not valid for structures which have no characteristic diameter
or which have low or zero permeability.

In this report prediction formulae for wave transmission at low-crested as
well as at submerged structures are determined. Starting from external
dimensions of the structure {(and not Dys0) a basic transmission formula is
derived, which includes the influences of crest width and slope angle.
Formulae for permeable- as well as for impermeable structures are
derived. (Part A)

Since low-crested structures allow much wave overtopping not only the
front slope of the breakwater is attacked by the waves, but also the crest
and the rear side are exposed to wave attack. Many formulae describing
stability of the armour front slope can be found in literature. However, there
are only a few investigations carried out on the stability of the whole
breakwater section. For the stability of a rock slope Burger (1995) has
derived some design graphs predicting the stability of the front, the crest
and the rear. However, there is not one formula available describing the
stability of a low-crested breakwater with an armour layer of Tetrapods. In
this report it is attempted to gain more insight in, especially, the influence of
the relative crest freeboard and the rear section of such a breakwater.
(Part B)

Since two different subjects are dealt with, this report has been divided in
the following sections:

° a general part, describing the governing parameters for design of
breakwaters (Chapter 2)

s Part A dealing wave transmission (Chapter 3 till 7)

o Part B, dealing with stability of Tetrapods (Chapter 8 till 12)
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The outline of Part A, “Wave transmission at low-crested structures”, is as
follows: In Chapter 3 the influence of hydraulic parameters and parameters
describing the geometry of the breakwater, -as can be found in literature-,
are described. Chapter 4 describes the various data sets used in this
investigation. An analysis of the available data is given in Chapter 5. Also
the most important parameters are discussed. In Chapter 6 a new formula
describing wave transmission for permeable- and for impermeable
structures is derived. The maximum and minimum values as well as the
refiabjlity of the formulae are also given in this chapter. Finally the
conclusions and recommendations as can be drawn from this study are
given in Chapter 7.

The outline of Part B, “Stability of Tetrapods at front, crest and rear of a
low-crested breakwater”, is as follows: In Chapter 8 the influence of
hydraulic- as well as structural parameters, -as can be found in literature-,
are described. Chapter 9 gives a short description of the two data sets
used in this study. Also some problems regarding the significant wave
heights at shallow water are discussed. An analysis of the influence of
various parameters on data set used for the derivation of the new formula,
H2061 (Delft Hydraulics 1994), is given in Chapter 10. In Chapter 11 a new
empirical stability formula for damage to the Front + Crest segment
together is derived. A design graph has been given for stability of the Rear
segment. A comparison between the Van der Meer formula and the new
formula is also given. The reliability of the formula is discussed and a
comparison between stability of Front + Crest with Rear is made. Finally
the conclusions and recommendations as can be drawn from this study are
given in Chapter 12.
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Chapter 2 Design of breakwaters

2. DESIGN OF BREAKWATERS

The following sections describe the governing parameters for the design of
breakwaters. Wave parameters as well as structural parameters are given.
The structural response and the stability of armour layers will also be
discussed.

21 WAVE PARAMETERS
The wave conditions, which are important for design of breakwaters, are

given by:
e HorH,, incident wave height at the toe of the structure,
given by significant wave height (average of highest
1/3 of the waves) or based on the energy density
wave spectrum (4,/m, );
e T, peak period based on spectral analysis;
o 3 the angle of wave attack;
e A water depth at the toe of the structure.
Wave height

At deep water the wave height distribution can be described using a
Rayleigh distribution. However, in shallow water waves will break.
Therefore the wave height distribution can not longer be described using a
Rayleigh distribution. Other characteristic values which are often used in
those situations are #.,, or H,,,,. An advantage of using H, in shallow water
is that it is a safe approach. The truncation of the wave height exceedance
curve due to breaking is not taken into account.

Wave period

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

¢ = 2rH
op gj;z

(2.1)

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

Surf similarity parameter
Wave action on slopes is often described by using the surf similarity, or
breaker parameter, or Irribarren parameter:

_tana

$, =

S' (2.2)

ap
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This parameter is also used to describe the type of wave breaking on a
beach or structure. Battjes (1974) has described different breaker types,
depending on & Figure 2-1 gives an overview of these breaker types.

Figure 2-1 Breaker types depending on &
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2.2

STRUCTURAL PARAMETERS

There are a number of parameters which characterise a breakwater. These
parameters are:

angle of structure seaward slope;

crest width;

nominal block diameter of armour unit;

water depth in front of structure;

armour crest level relative to the seabed;

depth of toe below still water level:

notional permeability factor given by Van der Meer (1988a);
® fa h, &y thickness of armour, underlayer, filter;

s R, crest freeboard related to still water level.

©

=

]
WEIEIS W

Figure 2-2 gives an overview of these governing parameters.

7% 7 777

Figure 2-2 Governing parameters related to a cross-section of the breakwater

Nominal diameter
The nominal diameter of an armour unit of rock is related to its average
weight. That is the 50 % value on the mass distribution curve;

113
D5y = [_A&J (2.3a)
2,

where M;, = median mass of unit
£ = mass density of the rock

The nominal diameter of a concrete element is given by:
M 173
D :[__] (2.3b)

where p, is the mass density of the concrete element
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Stability number
The most important parameter describing the relation between the wave
condition and the response of the structure, is the stability number:

N, :_H_s (2.4)
AD .,

A

where A is the relative buoyant density, which is described by:

A=Fr
2.

-1 (2.5)

The stability number is also used to give a classification to the different
types of breakwater slopes. Small values of H/AD give structures as
caissons or breakwaters with large armour units. Large values imply gravel
or sand beaches,

Another stability parameter is given by Ahrens (1987). Ahrens included the
tocal wave steepness in a so calied spectral stability number:

N: :Ns .S';U-? (2.6)

The local wave steepness, s, in this formula is calculated using the local
wave length from the Airy theory.

Permeability

It is often very hard to compare the permeability of different kind of
structures. Mostly only the indication permeable or impermeable is given.
Van der Meer (1988a) introduced the notional permeability factor P, which
is roughly defined as:

P =01 impermeable breakwater

P =04 breakwater with core, filter and armour layer

P =05 breakwater with only core and armour layer

P =0.6 homogeneous structure, which consists only of armour rocks

Figure 2-3 gives an overview of the different kind of structures. This figure
can be used to make an estimation of factor P. It is also possible to use
numerical models, that describe the wave action on and in structures.

It should be noted that this permeability coefficient, P, has no physical
meaning, it is only a mathematical way of taking into account the
permeability of a structure.

General
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2.3

N\“‘°° ' No fitter

Ortea/Dogor = 3.2 Mo core

G

"Besse = nominal diameer of armour stona
Drser = nominal dixveer of fiter materiaf
Dego: = nominal dizmeser of core

Figure 2-3 Notional permeability factor P for various structures

Crest freeboard _

The height of the freeboard, R., is measured from still water level to the top
of the structure. This top is well defined for structures such as dikes, or
breakwaters with a crest of asphalt. However, how to define the crest
height for breakwaters with armour of rocks or concrete? In this report it is
assumed that a freeboard of zero is reached when all stones of the crest
are under the still water line. A few tops extending above the water level is
allowed.

STRUCTURAL RESPONSE

The behaviour of a statically stable structure can be described by the
development of damage. This damage can be given as a percentage of
displaced rocks out a specific area. A disadvantage of this way of defining
damage is, that it is difficult to compare various structures, because every
time a different area is used.

Another way is to describe damage related to the erosion-area around still
water level. Comparing various structures is possible by making the
damage dimensioniess by dividing it by the square of the nominal
diameter:

5= [f (2.7)

Eull

where 4, = erosicn area around still water level

A physical description of the damage, S, is the number of squares with a
side [, 5, which fit into the erosion area.
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2.4

2.4.1

For breakwaters with an armour layer of concrete elements another
description of damage is suggested by Van der Meer (1988b). Damage is
defined as the relative damage, N,, which is the actual number of dispiaced
units related to a width (along the longitudinal axis of the breakwater) of
one nominal diameter, D,

A distinction can be made between units displaced out of the layer and
units rocking within the layer.

N,a = number of units displaced out of the armour layer
N, = number of rocking units
Nomov = number of moving units

= Nod + Nor

The difference between Nos and § is that S inciudes displacement and
settlement, but does not take into account the porosity of the armour layer.
Generally §'is about two times MNoa

HYDRAULIC RESPONSE

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

Wave run-up

Wave action on a structure will cause the water surface to oscillate over a
vertical range, generally greater than the incident wave height. The design
run-up fevel will be used to determine the level of the crest, the upper limit
of protection or as an indicator for possible wave overtopping (and
therefore wave transmission).

Wave run-up is often indicated by R, see also Figure 2-4. This is the run-

up level, vertically measured from the still water level, which is exceeded
by two percent of the incoming waves.

Figure 2-4 Wave run-up fevel Ry

Van der Meer (1993) concluded that the existing formulae for run-up on
impermeable smooth slopes can not be adapted for the use on permeable
rough slopes. Two formulae for the wave run-up were given by Van der
Meer. One that gives the run-up as a function of the surf similarity
parameter, see also Figure 2-5 and equation 2.8 and one which describes
wave run-up as a Weibull distribution, see eq. 2.9.
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The formulae for run-up as a function of the surf similarity parameter can

be given by:
R
ur . fo <15 2.8a
Hs a L r 5"? ( )
R .
-_h; =b¢, for & >15 (2.8b)

The coefficients a, » and ¢ are given dependent on the exceedance leve!,
x. For permeable structures the run-up is limited to a maximum, given by:

&de (2.8¢)

H

5

37 /' eq.2.10
(smooth slope)
254 )/ eq. 2.8b

[j8]
~

eq. 2.8¢

-
"
1
T

Relative wave run-up Ruazy MM
o
o
1 1
1

0 2 4 8 8
Breaker parameter £,

Figure 2-5 Relative 2 % run-up on rock slopes

The other method, describing wave run-up by a Weibull distribution is given
by the following formulae (Note that this formuia is only valid for rubble
mound slopes with cota < 2):

I .
R, =b(=Inp)c {2.9a)
inwhich: p = probability
R,  =run-up level, exceeded by p * 100 %
h = scale parameter
¢ = shape parameter

The scale parameter, 5, is described by:

el

b 0 aa
—f?—:O_él s cota ™t (2.9b)

Bl
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2.4.2

The shape parameter, ¢, depends on the type of wave breaking:
for plunging waves:

c=30& 07 (2.9¢)

r

for surging waves;

c=052P""¢" Jeota (2.9d)

The transition between the equations for surging and plunging waves is
described by a critical value of the surf similarity parameter, &,

1

£,.=[577P% Viang |77 (2.9€)

For dikes and revetments Van der Meer and Janssen (1994) gave a
prediction formula based on the surf similarity parameter. Reduction factors
were used to take siope roughness (3 ), obligue wave attack (yp), a berm
(%) and a shallow foreshore () into account. This formula is given by:

5

with a maximum of 3.2 Yo Yt Yp

inwhich: &, =x¢,
Y ¥ ¥sand y are reduction factors

In Figure 2-5 the dashed line represents this equation. They also
concluded that a berm only has influence as long as its position is between

V2 H_ above or below still water level.

Wave overtopping

Wave overtopping, see Figure 2-6, occurs when wave run-up exceeds the
crest freeboard. Many formulae which describe wave overtopping can be
found in literature. All formulae are expressed as a function of some sort of
dimensionless crest freeboard.

Figure 2-6 Wave overtopping
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Owen (1980) gives the following expression:

O=ae 7 2.11a)

in which O and R are given by:

Q=—"2_ |en (2.11b)
vgH! V2m

R=Z S 2.11¢)
H Vor

in which: g is the mean discharge expressed by m¥s per m
a and b are given dependent on the slope angle

De Waal and Van der Meer (1992) concluded that wave overtopping is
dependent on the type of wave breaking. They suggested different
formulae for surging and plunging waves. In these formulae they used the
same reduction factors as described in equation 2.10 to compensate for
roughness, berm, etc.

2.4.3 Wave transmission

Wave transmission is the phenomenon that wave energy will overtop and
pass through the breakwater, see Figure 2-7.

Transmission is expressed by the ratio transmitted to incident wave height:

K =—t (2.12)

Figure 2-7 Wave transmission through and over a breakwater

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

Most formulae express K, dependent on a dimensionless crest freeboard.
Van der Meer {1990b) gives X, dependent on the ratio crest freeboard
divided by the wave height, R/, see Figure 2-8.
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Disadvantages of this expression are that all influence of the wave height
is lost when R. becomes zero, resulting in large scatter and that not much
information on breakwater properties are taken into account, which also
leads to considerable scatter around the proposed line.

¢ T . # Seelig ® Daemiich 0. 2m
= o8 :: i AVander Mesr % HR
s 0 o r "
g '@ g EXORGfhagly  OAkop OAbrens
g ... B
g 06
bt
c
2
w 04
2
5
E 02
=
00 — ¢

2.0 -1.5 -1.0 -05 0.0 05 1.0 1.5 20
Relative crest height R./H;

Figure 2-8 Wave transmission versus relative crest height

Daemen (1991) used another parameter to create a dimensionless crest
freeboard, namely D,;,. Daemen concluded that, besides a dimensionless
crest freeboard, there are other parameters which also have large
influence on the transmission coefficient. These parameters are the
fictitious wave steepness (s0), the relative wave height (H/Dyss) and the
relative crest width (B/H,;). Formulae which make a distinction between
conventional and reef type breakwaters were derived. Figure 2-9 gives this
expression for &,

Transmission coefficient K

-5-4-3-2—1012345
Relative crest height R./Dnsg

Figure 2-9 Wave transmission according to Daemen (1991)
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The formulae describing this X, are given by:

K, :a£ +b (2.13a)

n50

in which the coefficient a is given by:

a=003 1£~—O.24 (2.13h)

n50

the coefficient 5 for conventional breakwaters is:

b=~ 542s,,+0.0323 5[’ -0.001 7{ B

a0 n50

1.84
] +051 (2.13c)

and the coefficient 5 for reef type breakwaters is:

b=- 2.6s,,—0.05 DH; +0385 {2.13d)

nso

Both functions represent linear decreasing lines for increasing relative crest
height. Maximum and minimum transmission are expressed as follows:

for conventional breakwaters:

Kimae = 0.75 and K, = 0.075

for reef type breakwaters:

Kimax = 0.60 and K, pin = 0.15
The formulae are valid for:

I <H/D,5 <6and .01 <$op <0.05
It can be concluded that this way of expressing K, gives considerably less
scatter. A disadvantage, however, is that this approach is not valid for
structures which do not have a representing nominal diameter, such as

rubble mounds with an asphalt filled crest.

In Chapter 3 the influences of all governing parameters for wave
transmission will extensively be discussed.
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2.5

ARMOUR LAYER STABILITY
The old Hudson formula is given by:

p, H’

e 2.14a
* KA cota ( )

in which X}, is a factor depending on rock type and accepted damage

‘No-damage’ according to Hudson is a condition where up to 5% of armour
stone may be displaced. According to SPM (1984) the wave height to be
used is A4, being the average of the highest /0 % of all waves,

The formula can also be written in the form of a stability number:

H 3
m:(KD cota)’ (2.14b)

Some disadvantages of the formula are:

* wave period is absent in the formula. The wave period has influence
on the type of wave breaking;

e the formula is only valid for non-overtopped and permeable core
structures. It is easy to imagine that permeable structures act
different from impermeable ones;

= only regular waves were used to derive the expression;

= the storm duration is not present in the formula:

¢ the formula is only valid for 7.5 < cora < 4.0

Van der Meer (1987a) has found new formulae which include all above
mentioned short comings of the Hudson formula. Again Van der Meer
makes a distinction between plunging and surging waves.

The Van der Meer formulae for stability of a breakwater with an armour
layer of rock are:

for plunging waves:

9.2
H.s‘ :6'2}3018( S ] S,_—r;o.s (2.15a)
ADrzSD "/N—
for surging waves:
H.s =013 S > P
AD =10} —ﬁ— Jeota &) {2.15b)
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The transition from plunging to surging waves can be calculated using a
critical value of &,

|
bue=[62P" Viana |75 (2.15¢)

Van der Meer used S to describe damage, see section 2.3. § = 2-3 is equal
to the ‘no-damage’ level in the Hudson formula.

The above mentioned formulae are not valid for breakwaters with an
armour layer consisting of concrete elements. The ‘strength’ of concrete
elements is not only its weight, but also the interlocking. For breakwaters
with Tetrapods Van der Meer (1987b and 1988b) found:;

H 05 -
ﬁ:(3.75§%+ 1.0] 502 (2.16)

n

This formula describes only damage due to displacement out of the layer,
large and slender concrete units can however, also break due to rocking.
The total number of moving units (N,.,) may give a good indication for
displacement and broken units. To take this into account the following
formula has been derived by Van der Meer:

0.3
Afg :(3.75—{\;%+0.85J £ -05 (2.17)

n

An extensive discussion on parameters involved with stability of Tetrapods
will be given in Chapter 8.
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3. DESCRIPTION OF PARAMETERS INVOLVED

Transmission, the phenomenon that wave energy wili overtop and pass
through a breakwater, has already been briefly described in section 2.4.3.
The following sections will deai with the parameters which have influence
on wave transmission. These parameters are:

1. Hydraulic parameters
» Wave height
* Wave period (and therefore wave steepness)

2. Geometry of the breakwater
o Crest height
o Crest width
+ Slope angle

3. Material properties of the breakwater
o Permeability
» Slope roughness

It should be noted that the influences of the various parameters discussed
in the following sections, are those influences as they are found in
literature.

3.1 WAVE HEIGHT

According to Daemen (1991) an increasing significant wave height, H, or
Hao, will lead to a decreasing transmission coefficient for low-crested
breakwaters which are non-overtopped (1). An increasing wave height will
lead to more energy dissipation inside the breakwater and therefore to a
lower Ki. The ratio H/D,s, has large influence on this phenomenon.

For non-overtopped permeable structures a lower ratio of H/D,s will jead
to a higher X, than a high ratio of H,/D,s,. This can be explained as follows:
if the wave height is lower than the nominal diameter of the armour fayer,
the waves will pass rather easily through the breakwater. A high ratio
however, will lead to more turbulence and therefore to more energy
dissipation.

For low-crested breakwaters which are overtopped, a larger wave will give
a higher potential run-up level and therefore more overtepping, which
means more wave transmission.

For submerged structures the influence of the wave height is slightly
different from the one for low-crested structures. At submerged structures
a higher wave height will lead to a lower X, A larger wave will be more
affected by the crest of the breakwater than a lower wave (low waves can
pass unhindered). However, when the crest height is far below the still
water level the breakwater crest has lost its influence and every wave may
pass unhindered. So an increasing wave height will now lead to an
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increasing wave transmission coefficient. (Of course the maximum wave
transmission coefficient is /.0)

3.2 WAVE PERIOD

In general the influence of the wave period is brought into account by using
the fictitious wave steepness. A longer wave period means a lower wave
steepness, see eq. 2.1.

Waves with a low wave steepness will, for non-overtopped low-crested
structures, propagate much easier through the structure. Also, for
overtopped structures, a lower wave steepness will increase the run-up
and therefore the overtopping rate. However, Allsop (1983) concludes that
wave transmission is not dependent on the wave period or wave
steepness.

When submerged breakwaters are considered, the influence of the wave
period is not quite clear. Van der Meer (1990) found that longer waves can
pass unhindered, while shorter waves are influenced by the breakwater.
Powell & Allsop (1985) noted the opposite: a higher wave period leads to
a decreasing X,. They used the parameter R';,, see eq. 3.1, to describe the
influence of the crest freeboard. However, Van der Meer (1990) concluded
that this is not a good parameter to describe wave transmission at
submerged structures. Perhaps this is also an explanation for the
difference between Van der Meer and Powell & Allsop with regard to the
influence of the wave period.

3.3 CREST FREEBOARD

The Crest Freeboard (= R.), the distance between the Still Water Level and
the top of the breakwater, is one of the most important parameters for
wave transmission, especially for impermeable breakwaters. It is clear that
for iow-crested structures the lower the R, the higher the wave overtopping
will be and with that the wave transmission.

Two manners of making R, dimensionless are often found in literature.
Namely by dividing it by a significant wave height, H, or H,,, or by a
nominal stone diameter, D,s, or D,. Both have their disadvantages.

For the first parameter, R/H,, all influence of the wave height on the
dimensionless parameter seems to be lost when R. becomes zero. This
results in large scatter in the values of wave transmission for RAH; = 0.

The second parameter, R/D,s, (Daemen 1991), has as main disadvantage
that not all structures have a representing nominal diameter (structures
with an asphait filled crest). So the parameter can not generally be used for
other structure types.

Another way for taking the influence of the crest freeboard into account is
given by Powell & Allsop (1985):
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* RC 'Sln)

e

*

As can be seen from formula 3.1, also R, is a dimensionless parameter.
Besides H,,, also the fictitious wave steepness, s,,, is taken into account.
Van der Meer (1990) concluded that this R, is not a better parameter than
R/H. For R/H,; > 0, R',, IS a good parameter, but for submerged structures,
R/H; < 0, the use of R, leads to a larger scatter of the values of wave

transmission coefficient,

According to Ahrens, who used R = R/H; transmission changes from
transmission over the breakwater to transmission through the breakwater
for R > 1.5, For -/ < R < 1.5 both transmission through and over the
breakwater are important.

Aminti & Franco (1988) concluded that both the percentage of overtopping
waves and the corresponding discharge decrease exponentially with
increasing crest height. Since overtopping has large influence on wave
transmission it can be concluded that wave transmission will probably also
decrease exponentially with increasing crest height.

Davies and Kriebel (1992) presented a parameter which takes into account
the run-up level:

— RC - Rtt
H,

in which R, is the potential run-up level.

R

(3.2)

Both for low-crested and submerged structures this new parameter led to a

R -R
reduction of the scatter. They concluded that for CH L <—-04 there is

hardiy any transmission through the breakwater anymore.

In general it can be said that the higher the crest freeboard the lower the
wave transmission. For submerged structures this is also true, but for very
high negative values of R, RJH,; 5 -4, the breakwater has lost most
influence on wave transmission. The wave transmission coefficient, K, will
then be /.0.

3.4 CREST WIDTH

Generally a wider crest will decrease the transmission of the waves. At low-
crested structures a larger crest width, B., will lead to a flonger way for the
waves to overtop the structure and therefore to more energy dissipation.
Result is that a larger crest width will fead fo a lower K,. A large crest width
also means a large structure width (a large cross sectional area), so a long
way for energy to pass through the structure and thus a lower K,. Kondo &
Toma (1972) concluded that the wave transmission coefficient decreases
exponentially with increasing ratio crest width divided by wave length, B/1..
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3.5

3.6

According to Daemen (1991) the influence of B for submerged structures
is as follows: an increasing crest width will force the waves to break. This
leads to energy dissipation and therefore to a lower K, However, small
crest widths, present at most of the breakwaters, have no influence on
wave transmission at all. During the authors investigation it became clear
that this is not true. Even small relative crest widths, B/H, do show
influence on wave transmission.

PERMEABILITY AND/OR POROSITY

The influence of permeability and porosity are often interrelated. Note that
it is possible to have a porous structure which is impermeable. Regarding
permeable or impermeable it is hard to indicate the permeability of a
structure. Van der Meer (1988a) has given an indication on permeability by
using a notional permeability factor, P. This parameter has already been
described in section 2.2. Daemen (1991) concluded that this parameter, P,
is not a correct parameter to describe permeability for wave transmission.
“This parameter is 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.”

For low-crested breakwaters the influence of permeability is as follows: a
higher permeability will lead to more transmission through the structure.
However, a more permeable structure often gives a reduction on wave run-
up and therefore to a lower overtopping rate. It is difficult to say whether
this higher permeability will lead to an increase or a decrease of X,
Daemen (1991) noted that the height of the core relative to the wave
height is important, because the core is much less permeable than the
armour layer.

At submerged structures permeability has not much influence. This is
because, at submerged structures, transmission is dominated by
overtopping. However, an increase in permeability will potentially lead to an
increase of wave transmission.

In general the sensitivity towards permeability and/or porosity increases as
RJ/H,, increases. This is because of the fact that with increasing R/H .,
wave run-up becomes more important.

BULK NUMBER

Ahrens has proposed to characterize the porosity of the structure by the
Bulk Number (the number of stones in the cross-section):

B, = ; (3.3)

ns0

in which A4, is the cross sectional area
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3.7

3.8

He concluded that wave transmission at low-crested structures is apart
from the dimensionless crest freeboard (R = R/H,) also dependent on a
factor which represents wave steepness times “porosity”, P

p=—tLAh (3.4)

L(Dy) "

in which L, is the deep water wave length

Daemen (1991) concluded that wave transmission in not dependent on the
Bulk Number. Whether this is true in general can not be said. His
transmission formulae are independent on the Bulk Number because of the
manner of derivation of the transmission formulae. Part of the formulae
were derived for a relative crest height of zero, R/H.; = 0, for which only the
upper part of the structure is involved and not the whole structure, as
described by the Bulk Number.

SLOPE ANGLE

For low-crested breakwaters the slope angle has some influence on the
wave run-up, see eq. 2.9b and 2.9d and therefore on wave transmission.
However, this influence is very small and only present for very smooth or
gentle slopes. According to Daemen (1991) the slope angle has only
influence on very smooth slopes.

For submerged structures the slope angle has negligible influence, since
the slope angle mainly affects the wave run-up which is not present for
submerged structures. :

SLOPE ROUGHNESS

In literature not much is written on slope roughness in accordance with
wave transmission. However, most formulae which describe wave run-up
make use of reduction factors for roughness of the armour layer. It is clear
that the rougher the slope, the lower the run-up height will be. (More
energy dissipation on the slope.) So it can be said that the rougher the
slope the lower the wave transmission will be.

For submerged breakwaters the influence of slope roughness is small.
Since the breakwater crest width has only influence when it is large in
comparison with the wave length, the roughness of the crest will also only
have effect for large crests widths.
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4. DESCRIPTION OF AVAILABLE DATA SETS

Various sets of data on wave transmission were gathered by Van der Meer
(1990a) and were briefly described by Daemen (1991). This short description
will be repeated in the following lines. Also the data from the tests by Daemen
and data gathered by the author will be described in this chapter. A general
overall view on al the data sets is given in Table 4-1.

Seelig (1980)

Seelig measured wave fransmission for a large number of structure cross
sections, mostly with monochromatic waves, but also with random waves. He
used permeable- as well as impermeable structures. These were the first tests
in the CERC flume with random waves. Maybe this is the reason why very
large values of the wave steepness were reported, up to .70, which is
physically impossible. At a wave steepness of 0.05 to 0.06 the waves will break
These data must be handled with suspicion. The various cross sections tested
with random waves have an armour layer consisting of stone with a large
nominal diameter (D,s). Figure A1.1 in Annex 1 gives the various cross
sections. Table A2.1 in Annex 2 gives the various test data.

Allsop {1983}

The structures tested by Allsop all have large positive values of the crest
freeboard. It should be noted that the data points were taken from figures.
Figure A1.2 in Annex 1 gives the tested cross section. Table A2.2 in Annex 2
gives the various test data.

Daemrich and Kahle {1985)

The tests of Daemrich and Kahle are tests on a breakwater with an armour
layer of Tetrapods. Armour layers of Tetrapods are more permeable than
armour layers of rock, which are used in mainly all the other tests. An
extremely wide and a normal narrow crest was tested. Figure A1.3 in Annex 1
gives the various cross section. Table A2.3 in Annex 2 gives the various test
data. It should be noted that all data points were taken from figures.

Powell and Allsop (1985)

The structures described by Powell and Allsop are homogeneous breakwaters
with a very small bulk number. During some investigations on these data it
appeared that with given wave height and water depth, severe breaking should
have taken place. Therefore the reliability of these data can be questioned.
Figure A1.4in Annex 1 gives the various cross sections. Table A2.4 in Annex 2
gives the various test data.

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. A part of the
investigation was focused 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 crest heights were
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used. A number of 31 tests with 2 wave periods are available. The cross
sections are given in Figure A1.5 in Annex 1, the data in Table A2.5

Daemen (1991)

The tests of Daemen consist of data on low-crested as well as on submerged
breakwaters. The breakwater has, just like most of the others, an armour layer
and a core; both of rock material. Most tests were performed on a breakwater
with an armmour layer with a D,s, of 0.040 m, a few tests were performed with
Dyso of 0.061 m. The test concentrated on three parameters: relative crest
height (R/D,s0), relative wave height (H,,/D,s) and fictitious wave steepness
(s0). The cross section is given in Figure A1.6, the data in Table A2.6.

DELFT HYDRAULICS report no. H 1872 (1993)

DELFT HYDRAULICS has caried out two dimensional model tests on a
breakwater with an armour layer of Tetrapods for a site specific location,
During these tests also wave transmission was measured (9 measurements),
The crest height was varied by lowering the water depth. Also the wave height
and wave period were varied. Figure A1.7 in Annex 1 gives the various cross
sections. The test data are presented in Table A2.7a in Annex 2.

DELFT HYDRAULICS report no. H 1872 {1994)

On the same breakwater as mentioned above, three dimensional tests were
carried out. During these tests the same parameters as above were varied, but
besides this also the direction of wave propagation. This data set contains 30
measurements. The angle of wave attack will be neglected when using these
data. The data will be used as if the angle of wave attack is perpendicular to
the structure. Figure A1.7 in Annex 1 gives the cross section. Table A2.7b in
Annex 2 gives the various test data.

DELFT HYDRAULICS report no. H 2061 (1994)

An investigation on stability of Tetrapods on breakwaters was carried out.
During the tests also the wave transmission was measured. The nominal
diameter of Tetrapods was varied. Also the wave height, wave period and the
crest height were varied during the investigations. Figure A1.8 in Annex 1 gives
an example of a cross sections. Table A2.8 in Annex 2 gives the various test
data.

DELFT HYDRAULICS report no. M 2090 {1985)

Two dimensional site specific stability tests on a rubble mound breakwater
were executed by DELFT HYDRAULICS. During these tests also overtopping and
wave transmission were measured. Part of the tests, tests 12 till 18, were
performed on a caisson breakwater. Figure A1.9 in Annex 1 gives the various
cross sections. Table A2.9 in Annex 2 gives the various test data.

DELFT HYDRAULICS report no. H 2014 (1994)

Wave transmission has been measured for an impermeable smooth
submerged breakwater. Figure A1.10 shows the cross section, Table A2.10
gives the test data.

Accropops®

Some wave transmission measurements on a breakwater with an armour layer
of Accropods® were performed for a site specific location. The cross section is
given in Figure A1.11, the data in Table A2.11.
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5.

5.1

ANALYSIS OF DATA

A short description on all data sets used for this investigation has been
given in Chapter 4. [n this Chapter the influence of parameters like relative
crest height, R/H, or (R. - Ru..J/H, fictitious wave steepness (s,) or
breaker parameter (&), relative crest width (B,/7., or B/H;) and permeability
will be dealt with.

During the investigation a distinction is made between data on rubble
mound breakwaters, breakwaters with an armour layer of concrete
elements and impermeable breakwaters.

MAIN PARAMETER

Figures on wave transmission are often presented as the wave
transmission coefficient, X, versus a main parameter like crest freeboard
divided by the significant wave height, R, /H, or like ‘shortage in crest
height’ divided by the significant wave height, (R. - Rze)/H.

The parameter R./H;

[t should be investigated whether R./H, is a consistent parameter. Does
this division give the same result with on one hand constant R, and variable
H, and on the other hand variable R, and constant H,.. This investigation
has been performed on all available data together.

Groups of constant crest freeboard were taken and graphs of X, versus H,
were made for constant R.. These graphs are not shown in this report, only
one example is given in Figure 5-1. The conclusions drawn from the
graphs are mentioned below.

The conclusions are that within a group of constant positive R, an
increasing H, leads to an increasing K, The groups with the lowest R.
gives, for constant H;, the highest X,. This can also be seen in equations
5.1 and 5.4.

K. = constant & H,, = variable

RC
R>0: H T 7$—>K,T (5.1)
for vertical lines of constant wave height:
R1sEr k0 (5.2)
Hﬂ‘ .
R :
R <0 H,To H—CT (less negative) - K. | (5.3)

for vertical lines of constant wave height:
R

R A (more negative) -2, —K T (5.4}

5
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Wave transmission dependent on Hsi, with constant Rc

L
' ) IR 5 : e Rc=000m
" - 2 % " ARc=003m
02 {_L_ot o B¢ S 2" oRe=005m
a g ® ¢ % Re =0.06m
0.1 o
Re=010m
00 &
0.00 005 010 015 020 025

Hsi (m)
Figure 5-1 Chart used to derive equations 5.1 and 5.2

Also groups of constant H,; were made and graphs of K, versus R, were
investigated. Conclusions drawn from these graphs are shown in equations
5.51ill 5.8.

R. =variable & H; = constant

R20. RT> %,
H,

&1

Tkl (5.5)

for vertical lines of constant crest height:
R,

H,T—>=lsk 1T (5.6)
H,
R .
R<0: RT> H—C T (less negative) —> K, {(5.7)
for vertical lines of constant crest height:
H, T— HRC T (less negative) > K, | (5.8)

1

As can be seen from eq. 5.2 and 5.5 a more positive relative crest
freeboard will lead to a decrease in wave transmission. From eq. 5.1 and
5.6 it is seen that a less positive relative crest height leads to an increase
of transmission. Eq. 5.3 and 5.7 also show the same trend: a less negative
relative crest freeboard leads to a decrease in transmission. And last eq.
5.4 and 5.8 are also consistent. A more negative relative crest freeboard
will lead to an increase of transmission.

So from this short investigation it can be concluded that the parameter
R.H,, is a consistent parameter and therefore a good parameter to
describe wave transmission. In Annex 3 three figures are given to show
the scatter when wave transmission is given versus this relative crest
freeboard. Figure A3.1 gives wave transmission for rubble mound
breakwaters, Figure A3.2 for breakwaters with an armour layer of concrete
elements and Figure A3.3 gives wave transmission for impermeable
breakwaters.
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The parameter (R.- R.;..\VH,;

By taking into account the potential wave run-up level, a parameter which
describes the ‘shortage in crest height can be constructed, see also
paragraph 3.1 and equation 3.2. Many formulae are available to describe
wave run-up. Two different formulae for wave run-up, namely eq. 2.9 and
2.10, were used to determine whether taking into account the wave run-up
is a good way for predicting wave transmission.

The first, eq. 2.9, is a formula which can only be used for rubble mound
breakwaters and for slopes with cot & <2. The second formuia is one which
has been derived for dikes and revetments. So neither one of the two
formulae can be used on all the data. Yet, this has been done.

Figure A3.4 gives a graph on K, versus (R, - R..«)/H., in which formula 2.9
has been used for the wave run-up. As can be seen from this figure there
is not much change in the scatter in comparison with for example Figure
A3.1. So this parameter is not a better one than R.H,. Another
disadvantage is that the formula uses the potential run-up for all
structures, low-crested as well as submerged, although wave run-up
present at submerged structures is irrelevant.

5.2 WAVE STEEPNESS OR BREAKER PARAMETER

Daemen (1991) found that lines of constant, but different, fictitious wave
steepness are parallel to each other and that a higher fictitious wave
steepness in general gives a lower wave transmission. He also concluded
that the slope angle has hardly any influence on wave transmission.
Nevertheless, all formulae on wave run-up and overtopping do make use
of the breaker parameter, £ in which the slope angle as well as the
fictitious wave steepness are taken into account, see eq. 2.2. So it will be
investigated whether £is a good parameter to describe wave transmission.

On all the data the influence of 5,, and & has been investigated. The same
conclusions as Daemen (1991) had drawn, can be drawn from this
investigation. Lines of constant fictitious wave steepness are lying paraliel
and a higher s,, will lead to a lower K, Similarly trend is found for figures
with constant £ A higher s,, and therefore a lower £ gives a lower X,
Figures A3.5 to A3.7 show part of the results.

Since it can not directly be said which of the two parameters is best to
describe the influence of the wave period, both parameters will be used
separately.

5.3 RELATIVE WAVE HEIGHT

Daemen (1991) used the parameter H,, /D,s, to give an indication of the
permeability of the armour layer. He found that within a group of constant
fictitious wave steepness lines of constant relative wave height are lying
rotated to each other. In other words lines of lower H,/D,s; are steeper than
lines of higher A, -D,s. It should be noted that Daemen used another
parameter for relative crest freeboard than the author does during this
present study, namely R.7},s,, instead of R, /H.,.
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5.4

5.5

For all the data sets available the influence of the relative wave height
H./D,so within groups of constant s,, or constant & has been investigated.
Again not all results are shown but only the results on the data of Daemen
and Van der Meer, see Figures A3.8 and A3.9. General trend in all the
figures is that a higher relative wave height gives a higher transmission.
This is true for the whole range of R, /H,. So the lines are not lying rotated
to each other as was concluded by Daemen, but are lying paralfel.

This difference can be explained as follows: Daemen found that for
constant positive R/D.o a higher H./D,s, gives more transmission.
However, not R. /D,s, but R. /H,; is used in the present study. A constant
and positive relative crest freeboard (R/D,s)) and an increasing relative
wave height, means a lower R, /H,; and will therefore lead to a higher wave
transmission.

A constant and negative relative crest freeboard (R/D,s) and an increasing
relative wave height, means a higher R/H, (less negative) and will
therefore lead to a lower wave transmission. So due to the use of the
different parameters for relative crest freeboard, Daemen found rotating
lines and this present study finds paralle! lines.

An explanation for the phenomenon that an increasing relative wave height
gives more transmission, can be that an increasing wave height leads to a
higher wave run-up and therefore to more overtopping. This is true for low-
crested structures. For submerged structures the explanation is as follows:
An increase of wave height means, for constant wave steepness, a larger
wave length. The longer the wave length the higher the wave transmission
will be.

RELATIVE CREST WIDTH

For groups of constant fictitious wave steepness the influence of the
relative crest width, B, /L, has been investigated. From this investigation it
can be concluded that an increasing refative crest width leads to a
decrease in wave transmission. This is logical because if the crest width
increases the length of the way for the wave to overtop the structure
increases and therefore the overtopping rate decreases.

Another way of taking the crest width into account is by dividing it by the
incident wave height, B./H,. For this parameter the same conclusions can
be drawn as for the other dimensionless crest width. Figures A3.10 and
A3.11 in Annex 3 show the results for the data of Daemen and the data of
Van der Meer,

DISCARDED DATA

In order to predict wave transmission with high accuracy some physical
limitations were taken into account.

All the data with s, > 0.06, -waves will break if the wave steepness is
higher-, will be neglected from now on. Also data which exceed the limit of
H, /h = 0.54 will be neglected. This depth limit will also force the waves to

Part A - Wave Transmission 54




Chapter 5 Analysis of data lf:; 2N

break. And lastly, data with R, /H, > 2.5 or -25 < R, /H, will also be
neglected. Both boundaries were taken because outside this boundaries
there is hardly any change in wave transmission and therefore it is beyond
the scope of this work.

During the research the data sets were not only investigated separately,
but also together. So all data with the same wave steepness, relative wave
height and relative crest width were investigated.

It appears that some data sets show different trends than the other, while
the parameters involved had the same values. These data sets were:
Seelig bw5 & bw10, Allsop and Powell & Allsop. The first two data sets of
Seelig contain data with very low relative wave height and very high
fictitious wave steepness. Daemen (1991) had already made some
remarks on these data sets. He concluded that Seelig probably used a
deviating definition for the crest height and it is very important to know
what this definition was. The same problem also occurs with the data of
Alisop (1983) and Powell & Allsop (1985). Aiso for these data sets Daemen
(1991) concluded that probably a different definition of the crest height has
been used. As can be seen in Figure A3.1 both data show transmission
coefficients which form the upper boundary of the global trend.
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6. DERIVATION OF NEW FORMULA

Since most of the available data are regarding rubble mound breakwaters
and breakwaters with an armour layer of Tetrapods, the basic formula will
be derived for these data sets together. Adaptations will be made for other
data sets on impermeable breakwaters.

6.1 BASIC FORMULA

As can be seen from Figure A3.1, which shows the wave transmission
coefficient, K, versus the relative crest freeboard, R/H,, the transmission
coefficient first stays low for high values of R/H,, then increases in the
area of -/ < R/H,; < +1 and finally stays high. Theoretically the increase of
the wave transmission coefficient will be a curve with a smooth course from
0 to /1. To arrive at a simple description of wave transmission, the curve will
assumed to be a linear decreasing line in the area of about -7 <R/H, < +1.
The wave transmission coefficient may then be described by:

K =ate ip (6.1)
H

!

si

in which « determines the slope of the line
b is the value of K, at R/H,; = 0

As already mentioned in Chapter 5, there is not a parameter which clearly
shows influence on the slope of the line. The following approach is
followed to derive the formula: all data on rubble mound breakwaters and
breakwaters with an armour layer of concrete elements, Tetrapods, with
R/H; = 0 are taken and investigated on the influence of relative crest
width, relative wave height and fictitious wave steepness or breaker
parameter. After having determined the influence of above mentioned
parameters, all data with other values of R/H,; than zero will be taken into
account. With the found formula for » the influence of any parameter on
the slope angle, a, will be determined.

Parameter 5

For data with R/H, = 0 it is investigated which of above mentioned
parameters is most important, in other words: which parameter shows the
best trend. As can be seen from Figures A4.1 till A4.5 in Annex 4 the most
promising result is obtained when X, versus a relative crest width (B/L, or
B/Hy) is considered. It should be noted that in alf the Figures the source of
the data and the fictitious wave steepness, s,,, are given in the legend.

Both Figures A4.4 and A4.5 show that for small values of relative crest
width, a slight increase in relative crest width leads to substantial decrease
in wave transmission. A function describing this relation: enormous
decrease for small change in the values of relative crest width and
reaching to zero for values of the relfative crest width going to infinite, can
very well be described by a power function.
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Disadvantage however, is that for values of relative crest width going to
zero the outcome of K, will go to infinite. So a maximum value should be
taken into account, which is proposed at a value of 7. Moreover, since the
influence of other parameters will probably act like reduction factors, it
should not give a serious problem.

The proposed function to describe the influence of the relative crest width
B/Ly is:

B -0.33
K, :o.m(L—J 6.2)

0

For the influence of the relative crest width B/H,; the proposed function is:
B -0.31
K = 0.54[—) (6.3)
Hsr’

It can not directly be said which of the two parameters for the relative crest
width describes wave transmission in the best way. Which of the two
functions is best depends on the non-dimensional parameters used
hereafter.

From now on the influence of B/L, is called B, and the influence of B/H, is
called B,. To investigate what the influence of the remaining parameters is
the following action has been taken: the coefficients 0./47 and 0.54 are
neglected and assumed to be a function of either s,, or & or H./D,s. These
functions are called C, respectively C,:

K,
=t (6.4)
2
LU
c, K (6.5)

)

Figures A4.6 till A4.8 show the results for known influence of B/L,, so for
¢, Figures A4.9 tifl A4.11 show the results for C,. As was already
concluded in section 5.2 an increase in wave steepness should give a
decrease in wave transmission and therefore in coefficient C,. This is not
very clear in Figure A4.6. An explanation could be that the influence of the
wave period, thus the wave steepness, has already been taken into
account by L, in the division B/L,. On the other hand Figure A4.9 does
show this tendency, decrease in transmission coefficient for an increase of
the wave steepness, in a better way. Therefore not B/L,, but B/H,, is chosen
to describe the influence of the crest width.
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Since wave run-up and wave overtopping are always given dependent on
the breaker parameter, this parameter has also been chosen to describe
the influence of the slope angfe, but especially the wave period. Figure
A4.10 shows the results with the proposed function. This function is;

C,=064(1-¢"%) (6.6)

For a value of £ going to zero the slope of the structure will be very flat
and, as can be seen from Figure 2.5, hardly any wave run-up will take
place, thus wave transmission will go to zero. So therefore the coefficient
C; will have a value of zero for & is zero. Figure 2.5 also shows that for
infinite values ¢ of the wave run-up has reached a maximum. The
proposed maximum for the function describing C; is 0.64. This value will
later on be checked when all the data, on the whole range of R/H,, is
considered.

There is one parameter left, from which the influence has not been
described yet, namely the relative wave height, H./D,s,. The value 0.64 will
be tried to be replaced by a function of H./D,s,. This function is called D.:

D. = ! 6.7)

Figure A4.12 shows this D, versus Hs/Dso . It is very difficult to see any
influence of this relative wave height. Therefore it is assumed that the
relative wave height has no influence on wave transmission and that, for
the time being, the value 0.64 in equation 6.6 should be used.

The proposed function for the parameter b is given by:

. ~0.31

B

b= *(1—e %% )*0.64 6.8
2] e ©8)

Ed

Figure A4.13 shows the results of the calculated wave transmission,
according to equation 6.8, versus the measured transmission. As can be
seen there is still some scatter, but in general the calculated transmission
coefficient is very well in accordance with the measured transmission
coefficient,

Parameter a

The next step in the derivation of the new transmission formula, should be
to find a value or a function for the parameter a, which determines the
slope angle. This is done by using the influence of parameter b, described
by equation 6.8.
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The following function can be obtained for parameter a:

K -b
-~
H

st

a (6.9)

In Figure A4.14 this function a is plotted against the relative wave height.
The scatter is so large that it is not possible to assume any relationship.
This is also true for other parameters, like relative crest width and breaker
parameter. The results of these plots are not given. An average value of
~0.4 has been taken for the parameter a. The formula for wave

transmission now becomes:

0.31
K, =-04 R +[—3;] *(1—8’0'55)*0.64 (6.10)
H. \H

a1 57

With this known relation it is again tried to find a function of H,/D,s, instead
of the constant 0.64 in equation 6.10. This is done by using the following

relation;
R
K,+04 H”
D= 5 6.11)

B

5T

Figure A4.15 shows this D versus Hy/D,s. It can be seen that for H./D,s >
3.0 a constant value of 0.64 for D is reached.

For high, positive, values of R/H, a decreasing HyD,s, leads to an
increasing value of D. Physically this can be explained as follows: a
decreasing relative wave height means an increasing porosity and
therefore permeability. For negative values of R/H.; the opposite occurs: a
decreasing relative wave height leads to a decreasing value of D. The
phenomenon is physically to be explained as follows: a decreasing relative
wave height, which means an increasing D,s, leads to a rougher crest of
the structure, which leads to a decreasing X..

Two graphs, which are not shown in this report, of measured versus
calculated wave transmission coefficient were created. One with a constant
value of 0.6+4 instead of a function dependent on H./D.;, and one with the
above mentioned functions. The only difference occurs for the extreme
values of K, which also corresponds to the extreme values of R/H,. For a
high value of K, the function with 0.64 gives much higher values of wave
transmission {(which are far too high), for low values of X, the function with
0.64 gives much lower values of K, (which are far too low).

So what happens is that Figure A4.15 does not give the influence of
H/D, s, but gives the correction term between measured and calculated
wave transmission coefficient.
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It is to be concluded that the exact influence of H/D,ss, which is physically
to be expected, can not be determined in this way. Therefore, in this report,
a constant correction value of 0.64 has to be taken into account.

Finally a plot is made of a calculated K|, using equation 6.10, versus the
measured X, This is shown in Figure A4.16

6.2 IMPERMEABLE BREAKWATERS

Three data sets are available on breakwaters with an impermeable armour
layer. These data sets are: H2014, Seelig bw1, Daemrich and Kahle
Impermeable, see also Figure A3.3. The same procedure as described in
section 6.1 will be followed to derive a formula for wave transmission at
impermeable breakwaters.

Figure A4.17 shows data with R/H; = 0. The line drawn in the Figure gives
the relation between the relative crest width, B/H, and the wave
transmission coefficient, X, according to equation 6.3. It is assumed that
the influence of the crest width is the same order of magnitude for
impermeable as for rubble mound breakwaters. As can be seen there is a
fot of scatter, for which no reasonable explanation could be found.

The influence of the breaker parameter, £ has been derived using
equation 6.5. Doing so the following relation between £ and C has been
found: '

C zo_s-(i—e"’-S'f) (6.12)

This is also shown in Figure A4.18. Only the data from Seelig bw1 are not
in accordance with the general trend. The main difference between Seelig
bw1 and the other data sets is that this data set contains relative high wave
heights and short wave periods, which leads to a high wave steepness (Sop
=0.05). As already described in section 3.3 a high wave steepness will lead
to a low wave transmission coefficient. Also this high wave steepness can
force the waves to break. Because of this breaking the significant wave
height should probably be lower than the given H,;. So with a lower H,; the
calculated transmission would be better in accordance with the measured
one.

The coefficient 4 in equation 6.1 now becomes:

-0n.31
B o5
b:[?) *(1-e™%)*080 (6.13)

57

Since no information is available on the roughness of the slope, there are
no other parameters left to include in the transmission formula, apart from
the relative crest freeboard. The results of the formula 6.13 are given in
Figure A4.19. Only the data of Seelig bw1 are clearly deviating from the
calculated K. It should be noted that Seelig himself mentions problems
with the same points, R./H,, = 0, see Seelig (1980).
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It is assumed that the slope angle, a, has the same value as has been
derived in equation 6.9, namely -0.40. This can also be verified in Figure
A3.3. The formula predicting the wave transmission coefficient for
impermeable structures now becomes:

—1.31
R .
K =-04-= +[1J * (1—e-°-5=)*0_80 (6.14)
H.ﬂ' Hsf

This has also been shown in Figure A4.20. As can be seen again, only the
data of Seelig bw1, for which the relative crest freeboard is zero, do not fit
in.

't shouid be noted that the maximum value, 0.80 and the minimum value,
0.075, of the predicted K,, are only chosen for the time being. The values
are chosen based on the averages of the maximum and minimum values
of K, which are shown in Figures A3.1 till A3.3. A more founded derivation
of these values for the maximum and minimum wave transmission will be
given in section 6.3.

6.3 MAXIMUM AND MINIMUM

The derived formulae stand for decreasing lines in graphs of X, versus
R/H. The formulae can produce values of K, which are higher than 7, for
high negative values of R/H, and values lower than ¢ for high positive
values of R/H,. As this is physically incorrect and hence not in accordance
with the test data, the formulae should be restricted. This can be done in
two ways: horizontal or vertical.

The vertical method means that for fixed values of + R/H, and - R/H,, the
minimum respectively the maximum of the wave transmission coefficient is
reached. Van der Meer (1990) has used this vertical manner of restricting
K, The following boundaries were used by Van der Meer (1990):

Maximum K =080 for :;“ <-11
R"" (6.15a, b)
Minimum K, =010  for HC >+1.2

Ei)

A problem using this method on the new derived formulae is that there will
be discontinuities at the boundaries taken for the two horizontal parts of
the function. Furthermore this restriction does not safeguard a wave
transmission coefficient between 0 and /.

The horizontal restriction can be obtained in two manners. The first is to
use fixed values for all structures, as has been done by Daemen (1991),
the second is to find a value for the maximum and minimum as a function
of one or more parameters. Daemen used fixed values of the maximum
and minimum independent of any parameter.
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These values are:

Maximum K,=075

o (6.18a, b)
Minimum K, =0075

In this investigation it is tried to give horizontal boundaries dependent on
one or more parameters. This is done to achieve that discontinuities will not
exist. Figure A4.21 shows K, versus the relative crest freeboard, R/H,, for
groups of constant relative crest width, B/H,. The same has been done for
groups of constant breaker parameter, ¢, see Figure A4.22. Both
parameters do not show a consistent trend in minimum wave transmission.
Figure A4.23 shows the same data but now in groups of constant fictitious
wave steepness, s, In Figure A4.24 the data has been sorted by groups
of constant relative wave height, H./D,s. Also in this Figures it is hard to
find consistent trends. Therefore it has been chosen to give a constant
minimum value to the wave transmission formula 6.10. This minimum
value, which is the average of all the minimum values, is:

Minimmim K, =0075 (6.17)

For the maximum value of K, also the average has been taken. This leads
to:

Maximum K, =080 (6.18)

This minimum and maximum values are valid for both rubble mound as well
as for impermeable breakwaters. This can also be seen in Figures A3.1 till
A3.3.

RELIABILITY OF THE FORMULAE

The derived formulae are, of course, only valid within the range of the
maximum and minimum values of the parameters used to derive the
formulae. For Rubble Mound breakwaters and for breakwaters with an
armour layer of concrete elements these boundaries are:

1.57<&<6.63
0.75 < B/H; < 43.30

For impermeable breakwaters the following range is applicable:

142 <&E<823
094 <BH; <833

To allow for some information regarding the reliability of the derived
formulae, the standard deviation of the difference between measured and
caiculated wave transmission should be known. This standard deviation
has been derived as follows. It is assumed that the scatter around the line
Kt weasured = K carcniaea €N be described using a Normal-distribution. Now
lines of constant difference between the measured and the calculated X,
are drawn, for example # 0.02 or # 0.05. Then the percentage of points
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within these boundaries can be counted. Lines has been drawn in steps of
4 0.0/ until all points were within the boundaries. Using a two-sided
truncated Normal distribution function with mean, 4, is 0 and a standard
deviation, ¢, of /, see Figure 6-1, one can calculate the standard deviation
for each boundary. In this way many standard deviations are obtained. The
table for the two-sided truncated Normal distribution is given in Table A5.1
in Annex 5. For the standard deviation of the calculated K, & (K, caeuiaed),
the average of all the obtained standard deviations per boundary width is
taken.
|

Px < boundary) = % within boundary

k can be obtained from the table for a two-
sided truncated Normal distribution, by
reading the value for the specific
probability. With this % the standard
NG deviation for this specific boundary, e.g.
0.01, is calculated using equation 6.19.

|
| |

!
ﬁ‘-;ll

-k k

Figure 6-1 Normal distribution N{0,1)

o (boundary = 001) = 001 (6.19)
k(boundary = 0.01)

An example, in which the standard deviation for the wave transmission
formula for impermeable breakwaters (eq. 6.14) has been calculated, is
given below in Table 6-1. it should be noted that this Table is derived for
data of H2014 and DaKa Imp.

Boundary { % within k St.Dev.
width boundary o
0.01 0.1569 0.2 0.050
0.02 0.2941 0.38| 0.053
0.03 0.4706 0.63] 0.048
0.04 0.6275 0.89] 0.045
0.05 0.6471 0.931 0.054
0.08 0.6863 1.01; 0.059
0.07 0.7451 1.14| 0.061
0.08 0.8039 1.29| 0.062
0.09 (.9020 1.655| 0.054
0.10 0.9608 2.06| 0.049
0.11 0.9804 2.335| 0.047
0.12 0.9804 2.335 0.051
0.13 0.8804 2.335| 0.056
Average; 0.053

Table 6-1 Dervation of standard deviation for eq. 6.13

With this calculated average value of the standard deviation one can
obtain the confidence Jevels of the formula as follows. For the 90 %
confidence levels a value of /.64 for £ is obtained from Table A5.1. The
90% confidence level is now given by K, £ /.64*0.053, or K, #0.087. It should
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be noted that the calculated standard deviation is based on only 53 data
points.

The standard deviation for alf data on impermeable inclusive Seelig bw1 is
0.072. If also data of the caisson breakwater from M2090 is taken into
account the standard deviation becomes 0.087.

The same as described above has been done for equation 6.10. The data
which were used to obtain the standard deviation were: H1872, H1974,
H2061, M2090, Daemen, DaKa 0.2, DaKa 1.0 and Van der Meer. These
data sets contain together 373 data points. The standard deviation is 0.060,
which leads to a 90 % confidence level of X, # 0.0 . Both the 90 %
confidence level on equation 6.10 and 6.14 are shown in Figure A4.25
respectively A4.26.

At first sight the scatter in the predicted wave transmission coefficient
seems large. However, there are a few reasons for this scatter:

« the data are obtained from various sources. This means that
different definitions can have been used. Another factot is that when
the same test is performed twice in the same flume, different values
for K, will be measured. This is certainly an issue when one performs
the same tests at different wave flumes. So the input data already
contains some scatter,;

e the accuracy of measuring wave height, wave period and structure
height;

e curve fitting;

e not all properties of the breakwater have been taken into account.

DISCARDED DATA SETS

As was already mentioned in section 5.5 the data of Allsop (1983), Powell
& Alisop (1985) and Seelig bw5 & bw10 (1980) did not fit in the general
trends. However, for all these data equation 6.10 has been used to predict
the wave transmission.

For the data of Seelig the results are shown in Figure A4.27. As can be
seen the predicted value for bw10 is consequently higher than the
measured one. Daemen (1991) obtained the same result. No satisfying
explanation has been found. Perhaps a different crest level has been
used. For Seelig bw5 the result is better, however, these are of no use,
because only large negative values of the relative crest freeboard had
been used.

The results on the data of Powell & Allsop, see Figure A4.28, also show a
lot of scatter. It should be noted that the breakwaters tested by Powell &
Allsop are homogeneous. Daemen (1991) has predicted the K, by using an
adapted formula derived for reeftype breakwaters. However, still without
satisfying result. So one can have some doubts about the reliability of this
data set.

The result on the data of Allsop is shown in Figure A4.29. At first sight they
seem to fit in quite well. However, there is a trend which shows that the

Part A - Wave Transmission 6-9



oz 2 N

Chapter 6 Derivation of new formuia

N

R

difference between the caiculated and the measured X, becomes larger for
higher values of K. The same trend was already seen in Figure A3.1,
which showed that these data sets still had large values of X, for high
values of R H.,,.

Finally in Figure A4.30 the results for the caisson breakwater of M2090 are
shown. What can be seen is that the formula consequently over estimates
K. A reason for this can be that the conditions for a vertical wall, & = o« and
formula 6.12 has reached a constant value of 0.80. However at vertical
walls there is much more wave reflection than for a quite steep slope, e.g.
cot a = 1.5. Therefore the wave transmission should be lower (energy
balance). So the function describing the influence of & should probably
have a smooth declining slope for high values of £ instead of a constant
value. From tests performed by Goda (1969) the same trend can be seen,
see Figure 6-2. This Figure shows tests of a caisson type breakwater with
crest widths of 0.40 m respectively 0.009 m. Both lines reach a maximum
value for increasing local wave steepness. When first the influence of the
relative crest width according to eq. 6.3 is taken into account, it is to be
seen that the influence of the breaker parameter should be lower than the
value indicated by eq. 6.12. So both data of M2090-Caisson and Goda
give the indication that for infinite values of the breaker parameter its
influence is not well described by eq. 6.12. More data on caisson
breakwaters are needed to allow for a good prediction of wave
tr?nsmission.
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Figure 6-2 Transmission and reflection for caisson

breakwater with Rs/H: = 0.

A last remark is made on the data of H1872. When Figures A3.2 and
A4.25 are compared it can be seen that almost the same scatter is present
at both figures. A reason for this might be that this breakwater is one with a
very wide and high berm. So the waves are forced to break on it. Therefore
the significant wave height, needed for the prediction of K,, should resuit in
slightly lower values than given for the toe of the structure.
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7. CONCLUSIONS AND RECOMMENDATIONS

In this Chapter the conclusions and recommendations, which can be drawn
from the study on wave transmission, are mentioned.

7.1 CONCLUSIONS

o During the investigation it became clear that the following parameters
describe wave transmission at low-crested structures satisfactory:

- crest freeboard R,
- wave height H;or Hy
- wave peak period 7,
- crest width B

- slope angle of front face a

+ To enable to comparison of varyious structures it is necessary to use
dimensionless parameters. The significant incident wave height was
found to be a good parameter to obtain a dimensionless crest
freeboard. This wave height has also been used to obtain a
dimensionless crest width. Also the deep water wave fength has been
tested for this purpose, but than the influence of the wave steepness
on the transmission coefficient was not clear anymore. The influence of
the wave period is very well described by the fictitious wave steepness.
Just like in formulae for the prediction of wave run-up and overtopping
the influence of the slope angle and the fictitious wave steepness are
very well described by the breaker parameter. The governing
dimensionless parameters are;

- relative crest height f};‘”

51

- relative crest width i

H,

tan

- breaker parameter &=
Sop

* Lines of constant fictitious wave steepness are parallel to each other, a
higher wave steepness results in a lower transmission coefficient. A
steeper slope causes more wave run-up and therefore more wave
transmission. A larger relative crest width leads to a longer way for
waves to overtop the structure and will therefore lead to a lower wave
transmission coefficient. Lines of constant relative wave height are also
parallel to each other. A higher relative wave height will result in more
transmission.
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= The wave transmission coefficient can, in general, be given by:

K =a—<+h (6.1)

i

Rl

inwhich « determines the slope angle of the curve
and appears to be independent of any parameter
b determines the value of X at a relative crest
height of zero, and appears to be a function of
the relative crest width and the breaker
parameter

s A distinction in the derivation of the new formulae was made between
permeable- and impermeable smooth structures, The difference in
behaviour can be described satisfactory by a slightly different function
for the influence of the breaker parameter.

for permeable structures the formula predicting X, is found to be:

=331
K =-04 R, +[£J *(1 —e'”'s‘f)*{).64 (6.10)
H. \H

st st

for impermeable structures the formula is:

-0.31

K, =-04 k. +(—31—J *(1—e-°-55)*0.80 (6.13)

Hsi Hsi

¢ After taking into account the influence of the relative crest width and
the breaker parameter, no influence of the relative wave height,
Hy/D,s0, could be found. Daemen (1991) did find much influence of this
parameter. The reason for this is that he used another dimensionless
parameter for the relative crest height, namely R/D,s,. That is why he
found much influence from H./D,s,, as this is the only way the influence
of the wave height was regarded. Not the influence of the division
Hy/D,s was therefore most important but the influence of the wave
height itself. The multiple use of H, to create dimensionless
parameters, makes it difficult to find the influence of a parameter like
H/D,.sg. Another reason for not finding the influence of H/D,s, is that
each time a relation between the transmission coefficient and a certain
parameter is obtained, some scatter between the proposed function
and the data points is accepted. After taking into account R/H,;, B/H.;
and £ as parameter which have influence on X, the scatter is too large
to find a relation for H./D, sc.

¢ The minimum and maximum values for the calculated transmission are
set on fixed values of 0.075 respectively 0.80. These values are
obtained by taking the averages of all minimum and maximum values
(RAH, > ! respectively -/ < R/H;). However, it is clear that for high
positive values of R.H, and for high negative values of R/H, the
transmission coefficient will decrease respectively increase further to 0
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respectively /. During this study it has been tried to find one or more
parameters which might have significant influence on the minimum
value of K. Physically this is to be expected. However, there was too
much scatter to draw conclusions from the available data.

The reliability of the derived formulae depends on the scatter in the
data used to derive the formula. (The same test will give different
values for K, when performed in different wave flumes.) The standard
deviation, o, of the scatter around the line X, couaed = Ki measurea 1S @
criterion for the reliability of the formulae. The scatter has been
described by a Normal distribution with an average of zero and a
certain standard deviation. The number of points used to derive this
standard deviation effects the value of o

For permeable structures a o of 0.060 is obtained, this was based on
313 points. A 90 % confidence level of X, #+0.10 can be obtained in this
way.

For impermeable structures a o of 0.053, based on 53 points, is
obtained, which means a 90 % confidence level of K, +(.087

The given 90 % confidence levels are, of course, only valid for the
tested boundaries of the parameters involved. For equation 6.10 these
boundaries are:

1.57 < £<6.63
0.75 < B/H, <43.50

For equation 6.13 the boundaries are:

142<£<823
0.94 <B/H, <833

The influence of the breaker parameter for (impermeable) caisson
breakwaters is not well described by the proposed formula (eq. 6.12). A
slightly declining slope for values of & going to infinite should be used
and not the proposed constant values of 0.80.

7.2 RECOMMENDATIONS

As already mentioned in section 6.4 the data used for this investigation
are not all very reliable and do show some scatter for the equal input
values. To come to a better transmission formula than derived in this
report it is useful to obtain new data, from which it is safeguarded that
they are all reliable and that the same definition for the crest height is
used. So one large investigation in one wave flume is necessary.
During these tests the slope angle should be varied between a smooth
slope (cota = 3.5) and a vertical wall. Various armour layers should be
tested: from permeable rock armour to more permeable armour layers
of Tetrapods, Accropods or even Cubes. Also impermeable slopes
should be investigated more thoroughly. Especially the roughness of
the slope of an impermeable armour layer, e.g. asphalt, should be
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varied. The influence of the relative wave height should than become
clear. Together with a well considered variation of the hydraulic
parameters, wave height and wave period, one should be able to
derive a better wave transmission formula, which is applicable in a
wider range.

¢« New tests should be performed on a rather large model scale. The
influence of the permeability of the armour fayer and the core may then
be modelled in a more proper way.

¢ New investigations should mainly concentrate on finding functions for
the proposed constants: -0.40, 0.64 and 0.80.
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8. DESCRIPTION OF PARAMETERS INVOLVED

Armour layer stability has already been briefly described in section 2.5.
Formulae for the stability of an armour layer of rock and Tetrapods were
mentioned. The following sections will deal with the parameters which have
influence on the stability of Tetrapods at low-crested structures, These
influences described below are all taken from literature. Regarding the
influences of the various parameters on data set H2081 (DELFT
HYDRAULICS, 1994) these are described in Chapter 10. The following
parameters were mostly mentioned in literature:

1. Hydraulic parameters
s  Wave height
s Wave pericd {and therefore wave steepness)
e« Number of waves (duration of the storm)

2. Structural parameters
e Crest height
s Nominal diameter of armour stone
e Density of placement
+ Density of concrete

It is not clear whether the above menticned parameters have the same
influence for an armour layer of rock and an armour layer of Tetrapods, at
which interlocking plays an important role. Since not much is known about
the stability of concrete, interlocked elements, the influence of the
parameters mentioned above will be discussed in a general way.

8.1 HYDRAULIC PARAMETERS

Wave height

The influence of the wave height on the stability and therefore on the
damage, is often described by the stability number, N,, see eq. 2.4. The
stability number can be used in various ways. For example by assuming a
given wave height, /;, the diameter of the armour can be determined. This
diameter is required for the stability with a chosen value of the damage
number N, Itis clear that a higher wave height will cause more damage.

Another stability number has been introduced by Ahrens (1987), namely
the spectral stability number, N,", see also eq. 2.5. Van der Meer (1993)
also used this parameter to describe the stability of an armour layer of a
submerged rubble mound breakwater. it should be noted that this
parameter was derived to describe the stability of dynamically stable
structures (reef type breakwaters), however, Van der Meer also used this
parameter to describe the stability of an armour layer of a statically stable
submerged breakwater.
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Wave period

In general the influence of the wave period is brought into account by using
the fictitious wave steepness. A longer wave pericd means a lower wave
steepness, see eq. 2.1. Van der Meer (1988a) stated that if the average
period, 7, and not the peak period, 7,, is used the spectrum shape and
groupiness of waves have no influence on stability of an armour layer of
rock. It is not quite clear whether this statement is also true for an armour
layer of Tetrapods. However, the existing stability formulae do make use of
the fictitious wave steepness based on the average period, see eq. 2.16
and 2.17. As can be seen from the equations an increase in wave period
and therefore a decrease in wave steepness will increase the stability of
the Tetrapods. ft should be noted that the equations have only been
derived for high-crested structures, so only the stability of the front and part
of the crest section has been taken into account.

Another way of taking into account the influence of the wave period is by
using the surf similarity parameter, which also takes the slope angle into
account. This slope angle is almost always /:1.5 for an armour layer of
Tetrapods. However, for a rock structure the slope angle can vary. Van der
Meer (1987a, 1988a) derived stability formulae for rock in which a
distinction is made between surging and plunging waves, see eq. 2.15a, b
and c. For surging waves an increase in wave period increases stability, for
plunging waves the opposite occurs. An increase in wave period decreases
the stability. Also these formulae have been derived for high-crested
structures.

Recently Burger (1995) has re-investigated the stability of an armour layer
of rock at low-crested structures. He reported the varying influence of the
wave period per segment of the breakwater, front, crest or rear and
sometimes even dependent on the crest freeboard, R.. The shorter wave
period causes most damage on the front side, independent of the crest
freeboard. For the crest segment the influence of the wave period is
dependent on the crest freeboard. For R. = 0 the longest wave period
causes most damage, for a positive freeboard the shorter period causes
most damage. The longest wave period causes most damage to the rear
side, independent of the crest freeboard.

It can be concluded that the influence of the wave period on stability is a
difficult phenomenon. So the influence of the wave period on a low-crested
structure with an armour layer of Tetrapods can not directly be determined,
it should be investigated.

Number of waves

The influence of the storm duration is almost always present in stability
formulae. It is clear that the longer the storm, the higher the number of
waves, the more damage will be caused to the breakwater. For high-
crested structures consisting of rock, Van der Meer (1988a) derived the
following relation between the damage, § and the number of waves, N:

N, /3000
!,\. = 300 — — 173 (81)
*S M=o ] O{)O
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Burger (1995) found a slightly lower value for low-crested structures with
an amour layer of rock.

Van der Meer (1988b) found a similar formula, describing the influence of
the storm duration, for Tetrapods, namely:

Noa _ constant (8.2)
VN '

It is clear that a longer storm causes more damage. However, which
relation exists for low-crested structures with Tetrapods has to be
investigated.

8.2 STRUCTURAL PARAMETERS

Crest freeboard

The difference between high-crested and low-crested structures is the
difference in crest freeboard, R. At high-crested structures hardly any
overtopping will occur. The wave energy will therefore only be dissipated
by the front and possibly by the crest. Thus the damage will also occur at
those parts of the breakwater. At low-crested structures a lot of wave
overtopping will occur. The wave energy will be dissipated on all segments
of the breakwater, front, crest and rear. The structure will therefore be
more stable, as the wave energy can now dissipate on a larger area. Van
der Meer (1990b) derived a reduction factor for the required nominal
diameter of rock, D,s, dependent on the relative crest freeboard, R/H,; and
the fictitious wave steepness, s,,. However, Burger (1995) concluded that
this reduction of D,s, is not quite correct. The stability of the structure
remains the same until a crest height equal to the water level. Only with a
crest clearly below the water level a significant reduction of D,s, seems
alfowable.

Nominal diameter

The influence of the nominal diameter is also taken into account by the
stability number. It is easy to understand that an armour element with a
higher weight can better withstand wave attack. However, a special
problem arises for very large, heavy, concrete elements, They can break
due to limits in structural strength. Breakwater failure due to rocking plays
an important role for these heavy concrete elements. Another difference
between rock armour and armour of concrete elements is that for rock the
gradation plays an important role, Not all rocks used for the armour layer
have the same diameter, for concrete elements such as Tetrapods all
elements do have the same diameter.

Burger (1995) concluded that for low-crested structures with an armour
layer of rock, a wide gradation (Dys /D,s = 2.5) gives a lower stability for
damage S > 2, than a uniform gradation (Dgs/D;s = 1.253).

Two other properties of rock, which do not vary for concrete elements are
angularity and [ength-width ratio. Burger (1995) concluded that the
influence of the angularity of rock is not present up to a damage of § = 3,
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for higher damage levels the round rock shows a more progressive
development of damage. The length-width ratio did not show any influence
on the stability. A rock type with relatively many elongated/flat rocks is just
as stable as a more uniformly shaped rock type, as long as the mass or
D.s; of the rock remains the same and small damage rates are considered.

Density of placement

Since the ‘strength’ of Tetrapods is not only its mass but also the
interlocking between the elements, the density of placement can play a
rofe in stability. The Shore Protection Manual (1984) gives the following
formula for the required density of Tetrapods:

N,=nk,(1-n)D? (8.3)

in which: N, is the number of Tetrapods per m?
n is the number of layers, 2 for Tetrapods
k4 is layer thickness coefficient, /.04 for Tetrapods
n, is the volumetric porosity, 0.5 for Tetrapods

it is to be investigated whether a change in the placing density, N, and
therefore a change of k4, changes the stability of the Tetrapods.

Density of concrete

Since the density of the concrete used for the Tetrapods has influence on
the mass of the Tetrapod, it has also infiluence on the stability of it. The
variation in mass density is taken into account in the stability number by
the relative buoyant density, 4, see eq. 2.4 and 2.5.
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9. DESCRIPTION OF DATA SETS

in this chapter a short description of the two data sets used for the
derivation a new stability formulae, are described. Also a description of
some problems with data set H2061 and the solutions for it, are given.

9.1  THE TWO DATA SETS USED
DELFT HYDRAULICS has carried out some model investigations on the

stability of Tetrapods at low-crested structures (H2061, 1994). During this
investigation the following parameters were varied:

crest freeboard

water depth

average wave period

wave height

number of waves

nominal diameter of the Tetrapods

mass density of concrete used for the Tetrapods
density of placement and therefore the layer thickness
coefficient: &4

[:
P pEEpTR

The foreshore had a siope angle of 1:50. The core of the breakwater
consisted of rock with D,s, = 0.011 m and Dys/Dys > 1.5. A filter layer of rock
with a diameter of 0.020 - 0.025 m was used. The crest width was held
constant, namely 0.20 m. The slope angle of the breakwater was /:1.5 for
the front side as well as the rear side.

Various sizes of Tetrapods were used, namely:

Type | Weight (kg) | Height (m) | D. (m) | 5, (kg/m®)
A 0.294 0.078 [ 0.050 | 2350
K 0.202 0.068 | 0.044 | 2350
S 0.104 0.055 | 0.035 | 2320

Table 9-1 Different Tefrapods used in model tests

Nine test series were performed. Table 9-2 gives an overall view of the
performed tests. Table A6.1 in Annex & gives all the results. An example of
a tested cross section is given is Figure A1.8 in Annex 1.

In 1987 DELFT HYDRAULICS has carried out some model investigations on
breakwaters with artificial armour units, namely Cubes, Tetrapods and
Accropode”. Report H462-11 by Van der Meer (1987b), gives a description
of the tested cross section with an armour layer of Tetrapods. Table A6.2
gives the test results. Figure AB.1 gives the tested cross section. The
formula describing the stability of Tetrapods at high-crested structures, eq.
2.186, is based on those test resuits,

During these model_ tests Tetrapods with a D, of 0.044 m and a mass
density of 2360 kg/n” were used (Type K from Table 9-1). The breakwater
slope was /:/.3. The thickness of the armour layer was two nominal
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9.2

diameters. The 0.06 m thick filter layer consisted of stones 0.020 - 0.025 m
with an average mass of 0.020 kg. A slope of /.30 was present in front of
the structure. Each complete test consisted of a test run of 1000 waves and
another test run of 2000 waves more.

Test A (m) [R. (m) Som (=) D, (m) kaf-) N
Front | Crest | Rear
ta 0.50 | -0.05 0.055 0.050 | 0.050 | 0.050 | 1.02 950
1k 0.50 | -0.05 0.055 0.044 | 0.044 | 0.044 | 1.02 950
1s 0.50 |-0.05 0.055 0.035 | 0.035 | 0.035 ] 1.02 950
2 0.50 | 0.00 0.055 0.050 } 0.050 | 0.050 | 1.02 900

2 0.50 ) 0.00 0.037 0.050 { 0.050 | 0.050 | 1.02 1000
3 0.5010.10 0.055 0.050 | 0.050 | 0.050 | 1.02 920
4 0.40 | 0.20 0.036 0.050 | 0.050 | 0.050 | 1.02 | 1000/3000

5 0.50 | 0.20 | 0.035/0.055 | 0.050 | 0,050 | 0.050 | 1.02 | 1000/3000
5h 0.50 | 0.20 | 0.035/0.055 | 0.050 | 0.050 | 0.035 | 1.02 | 1000/3000
62a 10304020 0.033 0.050 | 0.050 | 0.050 | 1.02 1000
64a | 0.30} 0.20 0.045 0.050 | 0.050 | 0.050 | 1.02 1000
64s | 0,30} 0.20 0.053 0.035 | 0.035 | 0.035 | 1.02 900
7 0.50} 0.20 0.050 0.050 | 0.050 | 0.050 | 0.95 950
8a 0.50 | 0.20 0.055 0.050 | 0.050 | 0.050 | 0.88 900
8h 0.50 | 0.20 0.055 0.050 | 0.050 | 0.035 | 0.88 900
9 0.50 | 0.30 | 0.037/0.055 { 0,050 | 0,050 | 0.044 | 1.02 1000

Table 8-2 Overall view of performed tests conditions, H2061 (1994)

PROBLEMS WITH DATA SET H2061

A new multi-gauge technique, developed by DELFT HYDRAULICS (Klopman
and Van der Meer, 1995) has been used to measure the wave heights
near the breakwater. This technique, REFLEC, uses linear wave theory. It
can be used to discriminate between incident and reflected waves. Despite
the standing wave pattern this technique can be used to determine the
incident wave height, H,.;, accurately up to very close to the structure.

From test analysis on a breakwater with a foreshore of /:50, a local water
depth of 0.50 m and a s,, of 0.02 and 0.04 (these are exactly the same test
conditions as for test H2061) it appeared that the minimum distance
between the breakwater and the nearest wave gauge should at least be
0.44,. (With 4, is the wave length based on the peak period, T, in front of
the structure.) So the minimum distance depends on the local wave length.

During the performance of the tests H2061 the distance was held constant,
which certainly should not have happened. Another error was that the
distance between the nearest wave gauge and the structure was far too
small. Therefore the measured significant incident wave heights were not
reliable at all.

To come up with more reliable wave heights in front of the structure the
numericai computer model ENDEC has been used. This program
calculates the H,, at each point using H,, and 7, at deep water. it also
takes into account shoaling and breaking of waves due to depth limited
conditions. The program should be very precise for a foreshore of /:50.
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Therefore computations were made for all the given test conditions of
H2061.

Since ENDEC is an energy propagation program, the calculated significant
wave heights are based on energy, so H,.; is given. To be able to make a
comparison with the stability formula presented by Van der Meer (1987b,
1988b) not the H,,.;, should be known, but the significant wave height based
on wave height exceedance curves, for instance Hs or Az,

On deep water it appears that the wave heights of individual waves follow
a Rayleigh distribution very well. However, in shallow water large
deviations from the Rayleigh distribution may occur, especially for the
higher waves, due to wave non-linearity’s and wave breaking. In order to
take into account this shallow water effects the so called Glukhovskiy or
modified Glukhovskiy distribution is often used. Klopman and Stive (1989)
and Klopman (1996) give a good description of this distribution function.
The mathematical formulation of this modified Glukhovskiy distribution,
which relates H,.. to H,s; at shallow water, is given in Annex 7.

As to verify the computer program ENDEC and the modified Glukhovskiy
distribution model for the given test situation (H2081), wave height
measurements on a model with the same foreshore angle and water
depths are needed. Such a model investigation has been carried out at
DELFT HYDRAULICS by Van Nes (1995).

With this data set plots were created which show for two different water
tevels, 0.90 m respectively 0.70 m at deep water, the relation between H,;,
at deep- versus shallow water and H,,; at deep- versus shallow water. The
results are shown in Figures AB.2 till AB.5 in Annex 8. In all figures a
distinction has been made for a deep water wave steepness, s,, of 0.02
respectively 0.04. From Figures A6.2 and A6.4 it can to be seen that for the
lower wave steepness more shoaling occurs and that there is a difference
between the figures based on H,; respectively H,,. From Figures A8.3
and AB.5 the same conclusions can be drawn.

With this data set, Van Nes (1995), one can also verify whether the
modified Glukhovskiy distribution can be used. The resuits are shown in
Figures AB.6 and AB.7. For the water level of 0.90 m the model works well
for both wave steepnesses. However, for the shallow water condition, 2 =
0.50 m, the modified Glukhavskiy distribution under-estimates H,;. So the
model is not applicable for this test situation. For the lower water level, # =
(.70 at deep water, the same conclusion can be drawn. Therefore it is not
correct to use the modified Glukhovskiy distribution to calculate the H,5 in
front of the structure, based on H,,,; at deep water!

The only method left to produce a reliable H,5 in front of the structure for
H2061 is to produce figures of H,, versus H,s in front of the structure
based on the test results of Van Nes (1995). Therefore first the reliability of
ENDEC has to be checked, since this program has been used fo calculate
the H... in front of the structure. Again ENDEC calculations had to be
made, but now using H,, and 7, at deep water for the whole test
programme of Van Nes (1995). Than plots can be made which show the
measured H,. at shallow water versus the calculated H,.. The result is
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shown in Figure AB.8. The conclusion is that ENDEC overestimates the
H.... this difference can not be neglected. Therefore one should take into
account this difference to calculate Hy; from H,,. It is proposed to lower
the calculated H,, from ENDEC with a constant 4 A, dependent on the
water level and the wave steepness, s,. The used A H'’s are given below:

i (m) So 4H (m)
0.50 0.04 0.011
0.50 0.02 0.005
0.40 0.04 0.008
0.40 0.02 G.003
0.30 0.04 0.005
0.30 0.02 0.000

Table 9-3 Used A H to correct ENDEC

In Figures AB.9 and AB.10 the dashed lines present the used relation
between H,.. and H,, both in front of the structure. it should be noted that
for the water level of 0.80 m, which has not been tested by Van Nes, an
average of the results for a water level of .90 respectively 0.70 m has been
used to produce H,» in front of the structure.

It should be noted that for shallow water conditions there is a significant
difference between H,; and H,, especially for a low deep water wave
steepness, s,.

With above described procedure the author was able to produce more
correct wave heights in front of the structure for investigation H2081, than
the ones that were wrongly reported.
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10. ANALYSIS OF NEW DATA

A short description of the data sets used for this investigation has already
been given in Chapter 9. In the following sections the influence of some
parameters on the damage for the different sections of the breakwater,
front, crest and rear, will be discussed. These parameters are relative crest
height, R/H,; or R/D,s; fictitious wave steepness based on 7, s.», the
number of waves, N and the placing density of the Tetrapods expressed by
the layer coefficient, £,. This is done using data set H2061,

In Annex 8 figures of stability number, H/AD,, versus damage number N,;
are given on all individual tests, see Figures AB.1 till A8.11. All Figures
show, of course, that an increasing stability number, thus an increasing
wave height, gives more damage. Other information from these Figures
can not directly be seen, unless one takes Table A6.1 from Annex 6 and
investigates the differences per test. So Figures should be created on all
data and the varying parameters should be given in the legend.

10.4 INFLUENCE OF RELATIVE CREST FREEBOARD

The influence of the relative crest freeboard, R/Hy, is given for the three
different breakwater segments in Figures A8.12 till A8.14. Figure A8.12
gives H,/AD,, versus N,, for the front segment. It is concluded that a
structure with a negative relative crest freeboard is the most stable one. A
logical explanation for this is that many waves will pass the structure
without causing damage to it. A structure with R/H,; = 0 is somewhat less
stable than the one with R/H; = - 0.25, but still not much damage is
present at the front segment. For structures with a positive crest freeboard
the structure with R/H, = 0.75 is of course the most stable one. 1t should
be noted that for structures with a positive R, much more damage is
present than for structures with R. is zero or negative. This is to be
explained as follows: for positive crest freeboard almost all wave energy
has to be dissipated by the front slope, this contradicts with lower
structures at which a lot of energy will pass over the structure and cause
also damage to the crest and the rear side. Finally for higher structures,
R/H; =125 1.75or 2.25 not much difference is seen.

For the crest section of the breakwater also the structure with a negative
value for R/H, is the most stable one. For a structure with a crest height
equal to the water level already much more damage is present. For higher
structures, at which still some wave overtopping will occur, a lot of damage
is found. For even higher structures, R/H,; = 1.75 or 2.25, hardly any wave
overtopping occurs and therefore no damage is seen for these structures.

For the rear section the same conclusions as drawn for the crest section
can be drawn. The only difference is that for R/H; = 0 also hardly any
damage is present.

Another non-dimensionless parameter to take into account the influence of
the crest freeboard is R./D,. Graphs which make use of this parameter are
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given in Figures A8.15 till A8.17. From these figures the same conclusions
are to be drawn as for the figures which make use of R/H,.

It can not said directly which dimensionless parameter for the influence of
the relative crest freeboard, R/H,; or R/D,, is the best one to describe the
influence of the crest freeboard.

Another way of presenting the influence of the relative crest freeboard is by
giving figures of relative crest freeboard, R/H,; or R/D,, versus the stability
number, H,/4D,, for fixed damage levels, N,,, with constant fictitious wave
steepness, s,,. This has been done in Figures A8.18 till A8.23 for R/H,;.
The parameter R/D, has been used in Figures A8.24 till A8.29.

For all these figures a distinction has been made between s, = 0.035 and
son = 0.055. When one imagines curved lines through points of constant
N4, the same graph as obtained by Burger (1995) can be made, see also

Figure 10-1.
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Figurs 10-1 Design diagram for start of damage for breakwaters with an armour fayer
of rock, Burger (1935)

For the front section an increasing R/H,; or R/D, leads to a lower stability
number for the same damage level. For the crest section some sort of
parabolic function can be drawn through points of constant N,,. The lowest
stability is reached for a structure with its crest slightly above the water line.
For the rear section the same as for the crest section can be seen. A
decreasing stability for increasing crest height (until R/H; = 0.5 or R/D, =
2), hereafter increasing stability for increasing relative crest height, since
none or not much wave overtopping occurs for a higher crest freeboard.

Again it is not quite clear which of the two dimensionless parameters is
favoured to describe the influence of the crest freeboard. Perhaps one can
conctude from a comparison between Figures A8.18 and A8.24 or A8.21
and AB.27 that R.D, is a better parameter to describe the influence of the
relative crest freeboard. This because of the fact that the curved lines in
Figures A8.18 till A8.23 are probably caused by the ‘double use’ of
parameter H, on both axis. An increasing H, causes a decreasing R/H;
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and also an increasing /,/AD,. This is exactly what all those figures
present.

10.2 INFLUENCE OF WAVE PERIOD

The influence of the wave period on stability of a structure is very often
described by the fictitious wave steepness. As was already stated in
section 8.1 the influence of wave groupiness and the spectrum shape is
not present if the mean wave period, 7, instead of the wave peak period,
T, is used in stability formuiae.

The influence of the wave period can be seen from test 2, 5, 6 and 9. For
these four tests two different wave steepnesses have been tested, namely
Som = 0.035 and 0.050. The indication ‘0 or 2’ in the legend gives the lower
wave steepness, the indication ‘4’ the higher one. It should be noted that
damage to the front and crest has been taken together to allow for a
comparison with the Van der Meer formula for Tetrapods, equation 2.16.
Figures AB.30 till A8.33 show the results.

From a comparison between tests 22 and 24, Figure A8.30, it can be
concluded that the lower wave steepness, test 22, gives more damage
than the higher wave steepness, for the same wave height. This is not the
same conclusion as presented by the Van der Meer formula. However, this
formula was based only on fairly low fictitious wave steepnesses, namely
Som < 0.030. Probably the same influence of s,, is present for Tetrapods as
for Rock. So a difference in plunging and surging waves might be present.
Figure A8.30 shows the same result for the rear segment: an increasing som
leads to an increasing stability.

An explanation for the effect of 5,,, on the front + crest segment is that for
these values of wave steepness, s5,, > 0.035, the fast wave run-up after
breaking of the wave is decisive for stability. The forces during run-down
are relatively small. Since an increasing s, lead to a lower wave run-up,
also the damage will be lower.

The explanation for the influence of s,, to the rear section is that a
decreasing wave steepness leads both to a higher percentage of
overtopping waves and to a higher volume of overtopping water. See also
section 2.4.2 and De Waal and Van der Meer (1992). Therefore a
decreasing s,, will lead to an increasing damage number, N,..

Figures A8.31 till A8.33, test 5, 6 and 9, show the same resuits. Therefore
it can be concluded that the influence of s,, is not dependent on the crest
freeboard, R. and not dependent on the water depth, A.

10.3 INFLUENCE OF STORM DURATION

The influence of the storm duration and therefore the influence of the
number of waves, N, is seen in the figures which show the individual
damage curves per test. Examples are Figures A8.4 and A8.5 and A8.6. In
these three figures the tests with the index ‘a’ are tests with N = 1000, the
index ‘b’ states that 3000 waves were used.
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it can be concluded that the longer the storm duration, a higher value of N,
the higher the damage level for the same stability number will be. Which
relation exactly exist between N,; and N will be investigated lateron, during
the investigation of a new stability formula. A relation like the one in eq. 8.2
will probably be used.

10.4 INFLUENCE OF PLACING DENSITY

The placing density, the number of Tetrapods per square metre, has
already bheen briefly described in section 8.2, Since the number of
Tetrapods placed per square metre is dependent on the nominal diameter,
D,, of the Tetrapod, it is better to use the layer thickness coefficient, k4 (see
eq. 8.3), to take into account the density of placement. For two test series
a lower k, has been used than during the other tests. For series 7 a layer
thickness coefficient k, = 0.95 has been used, for series 8; k, = 0.88. During
all the other tests the coefficient was /.02

Figures A8.34 til A8.36 show the influence of k, for the different
breakwater segments. it should be noted that the structures used for this
investigation had the same R, and that the same fictitious wave
steepnesses were tested as well as the same number of waves. (Tests 5a,
7 and 8.)

It is be concluded that the influence of £, is not present for the crest can
not be found k,, since at only three tests damage occurred. At the front
segment the influence is present. A decreasing k, which leads to less
interlocking between the Tetrapods, leads to an increasing damage
number. At the rear segment the same is to be seen.

In DELFT HYDRAULICS report H1872 (1994) a slightly different conclusion is
given: ‘the fooser packing of Tetrapods (implying also a lower cresf) seems
to affect mainly the rear of the breakwater due to the fact that the wave
action can propagate easily through and over the crest. The water coming
through and over the crest can push the Tetrapods on the rear out of the
layer relatively easy.”

10.5 [INFLUENCE OF THE WATER DEPTH

During the model investigation three comparable tests were performed with
only different water levels. These tests were: 4, 5 and 6, with a water level
of h = 0.80, respectively 0.90 respectively 0.70 m at deep water. From
Figures A8.37 and A8.38 for s,,, = 0.035 respectively 0.050 it is seen that for
damage to the front + crest, as well as for damage to the rear, the points
from the different tests are more or less in one line. Therefore it is
concluded that, although wave breaking occurs, the wave height H;; is a
good parameter to describe damage to the breakwater independent of the
water depth.
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10.6

NORMATIVE PARAMETERS AND SECTIONS

After having studied the development of damage onto the various
segments, the influences of the relative crest freeboard and the fictitious
wave steepness are known. Table 10-1 shows for the various freeboards
at which segment (front, crest or rear) the development of damage starts
(Noq = 0.23). Also the normative segment for a higher damage number, N,;
=] has been given is this table. Finally the normative fictitious wave

steepness, s.., IS mentioned.

Nod=0.25 Nod=1
R, Segment Som Segment Som
Negative Crest 0.035 Front e
Zero Crest 0.035 Crest 0.035
Positive Front 0.035 Front 0.035

Table 10-1 Normative segment and s.. per crest freeboard

For start of damage the crest segment is normative for negative and zero
crest freeboard. For start of damage at positive freeboards and for severe
damage for the whole range of freeboards, the front segment is normative.
The lowest fictitious wave steepness, s.,» = 0.035, causes most damage, as
was already stated in section 10.2.

Table 10-2 shows per segment for both damage levels at which crest
freeboard, R, the stability is the lowest, again with accompanying wave
steepness.

N‘,d = {235 Nod =]
Segment R, Soum R. Som
Front + 0.035 + 0.035
Crest 0 0.035 + 0.035
Rear + 0.035 + 0.035

Table 10-2 Normative parameters per segment
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11. DERIVATION OF NEW STABILITY FORMULAE

Since, as was already stated in section 10.2, a different influence of the
fictitious wave steepness, s.., is present for the new data set, H2061, it has
no use to the Van der Meer formula for Tetrapods, eq. 2.16, to predict the
damage of this new data. However, a comparison between the Van der
Meer formula, with the data used to derive it, and the new data will show
the different influences of s,, very well.

New stability formulae will be derived for damage to the front + crest
segments together. A reduction factor will be introduced for the influence of
the relative crest freeboard, R/D,. For the rear segment a design graph will
be created.

11.1 INFLUENCE OF STORM DURATION

As was already stated in section 8.1 a constant relation between N,; and N
can be assumed, namely:

N
24 = constant = 1.73 (11.1)

JN

This relation could be checked for test series 4 and 5. This has been done
in two ways, namely by creating figures which predict the damage after
3000 waves by multiplying the damage after /000 waves by 1.73. This is
shown in Figures A9.1, A9.2 and A9.3. The other way is by calculating the

exact relation between N,; and +/ . This is shown in Table A9.1 in Annex
9. From both investigations it can be concluded that the relation as
proposed by eq 11.1 predicts the development of damage dependent on
the storm duration well. Only for the crest segment this relation is not
applicable. What can be seen in these tests is that first damage to the front
and to the rear segment takes place, and once there is much damage to
those segments, the development of damage to the crest segment
develops quickly. During the derivation of the new stability formula, the

. N )
relation —2< will be used.

JN

11.2 DERIVATION OF NEW FORMULA FOR FRONT + CREST

Due to the smail random behaviour of damage to breakwaters there is
always some scatter present in the data sets. Since it is not easy to derive
formulae, when that scatter is present, average damage curves have been
drawn for each individual test. For constant damage numbers of: N, = 0.0,
0.2, 0.5 10 and 15 the accompanying stability numbers, N, were
determined. For damage to the front + crest segment these new data
points are given in Table A9.2, for damage to the rear segment in Table
A9.3. For the data set, which Van der Meer used to derive his formuia,
H462-11, the data points are given in Table A9.4.
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These new data points will from now on be used to derive the new stability
formula.

First the influence of the fictitious wave steepness, s.., will be checked.
The following power function has been used:;

H,
—=q, (s,,)" (11.2)

n

Those tests at which the wave steepness has been varied, were used to
determine the power value. The parameter 5, appeared to have an
average value of 0.2.

Since the influence of the storm duration is not present for the no-damage
criterion, N,; = 0, the parameter a; can also be determined. From Figures
AB.24, AB.25, AB.27 and AB.28 it is concluded that for high values of the
relative crest freeboard, R/D, > 4, there is a constant influence on the
stability to the front and crest segment. The placing density of the
Tetrapods has influence on the start of damage, as can be seen in Figure
A9.4. Therefore only those tests with R,/D, > 4 and k4 = 1.02 will be used to
determine a,. From tests 5, 6 and 9 it appeared that a; has an average
value of 4.0. The influence &, of will be taken into account later on.

The influence of the damage level and the storm duration has now to be
taken into account. Since equation 11.1 gives the relation between the
storm duration, number of waves and the damage number, the following
expression will be used to derive a stability formula:

b
% = sfj[4.0+a2(j"ﬁd) ] (11.3)

n

The parameters a; and b, were determined for all tests with &, = .02, since
it is expected that the crest freeboard has neither influence on a, nor on b,.
From all obtained values the average has been taken. The following values
were determined: a, = 8.6 and b, =0.35.

Since a decreasing relative crest freeboard allows more energy to overtop
the breakwater and therefore leads to less damage to the front and crest
segment, a reduction factor dependent on R,/D, should be introduced. As
was already concluded in section 10.1 the use of R/H, gives more the
influence of the wave height than of the crest freeboard. Therefore R./D,
will be used.

The following expression for an amplification factor on stability dependent

on R,/D, is used:
5. (&)
AD AD,
measured (1 -1 4)

A - " measured —
H. J N 0.5
N 502 [4.0+8.6( odj
(AD” calculated v N
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The results are shown in Figure A9.5. The proposed function for the
amplification factor, 4, is:

os%e

A=1+017e (11.5}

This function represents a slowly declining line with a minimum value of 7.0
for high values of R/D,.

The derived stability formula now becomes:

03 sk
% = So [3.94+8_6(%J ] *[1+0.17e D»J (11.6)

n

From Figure A9.4 it is seen that there is a constant difference in N,, for
constant levels of N,,;, dependent on the layer coefficient k, Therefore it is
proposed to use a formula dependent on k, instead of the constant value
3.94. This function appears to be: 2.64 k4, + 1.25.

The definite formula, describing stability of the front + crest segment now

becomes:
0.5 _0.51&
-—A% = 502 ((2.64kA +1.25)+8.6[%] J*(1+0.17e D»J (11.7)

The data used for this derivation together with above mentioned formula
are presented in Figures A9.6, A9.7 and A9.8, for k, = 1.02 respectively
0.95 (Test 7) respectively 0.88 (Test 8). As can be seen the proposed
formula describes the given data points very well.

In Figure A9.9 the formula is presented together with the real data points.
Also these data points are described very well by the proposed equation,
although some scatter is present. Test 4 is not covered too well. An
explanation for this might be that during the determination of reliable
incoming wave heights, see section 9.2, no data was available for a water
depth of 0.80 m. So perhaps the wave heights were not calculated in a
proper way.

It is useful to compare the new proposed formula with the formula derived
by Van der Meer. This has been done in Figures A9.10 till A9.13. Each
Figure presents the data points derived from fixed damage levels, used to
derive the formulae, together with the derived formulae. This has been
done to avoid too much scatter between the lines and the data points. The
dashed line represents the new formula, eq. 11.7, the other the Van der
Meer formula, eq. 2.16. As can be seen from Figures A9.10 till A9.13 the
intersection between the two lines depends on the chosen damage
number.
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11.3

For design purpose the transition between the Van der Meer formula and
the new stability formula, eq. 11.1, dependent on the fictitious wave
steepness, s,,, has been given for three damage numbers (¥, = 0,

Nog = 0.5 and N,; = 1.5) in Figure A9.14

it is possible to derive a formulae which represents the intersection point
between the two formulae. However, when one wants to calculate the
stability of a breakwater one can also use both formulae and uses that
formula which gives the highest stability number!

Since no data at DELFT HYDRAULICS is available on breakwaters with
Tetrapods with the same wave steepness, s,.,, as used by Van der Meer, it
is not possible to check whether the proposed amplification factor, eq.
11.5, is also valid for the Van der Meer formula. However, it is likely that
use of the factor on the Van der Meer formula is justified.

RELIABILITY OF FORMULA FOR FRONT # CREST

In the same way as for the transmission formulae from Part A of this study,
see section 6.4, the 90 % confidence bands will be derived for eq. 11.7.
From Figure A9.9 it is seen that the scatter in the graph can be described
by using the same formula, but with a different starting point (intersection
with horizontal axis).

By changing the starting points in steps of #0.05 the percentage of points
within that boundary width can be calculated. From this percentage it is
possible to calculate the accompanying standard deviation, using a two-
sided truncated Normal distribution with mean, g, is ¢ and a standard
deviation, o, of I, see also Table A5.1. The results are shown in the
following table 11-1.

It is noted that for the derivation of o not all points have been taken into

account. Only those points above the horizontal line ﬂ“—>0.005 are taken

JN

into account, as to clearly monitor the trend.

By using the average standard deviation from Table 11-1 the 90 %
confidence level expressed in the starting points is given by: #1.64 * 0.50 =
% 0.82. The formula for data with k, = 1.02 together with the 90 %
confidence level is given in Figure A9.15.

The scatter in the figure around the line, predicting damage, can be due to:

 differences due to random behaviour of the Tetrapods;
¢ accuracy of measuring wave height and wave period:
e curve fitting.
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11.4

Boundary | % within k St.dev.

width boundary o
0.05 0.1205 0.155 | 0.323
0.10 0.1687 0.218 | 0.459
0.15 0.2651 0.338 | 0.444
0.20 0.3735 0.486 | 0.412
0.25 0.4217 0.555 | 0.450
0.30 0.4689 0628 | 0478
0.35 0.5422 0.745 | 0.470
0.40 0.5783 0.804 | 0.498
0.45 0.6386 0912 | 0.493
0.50 0.6867 1.008 | 0.496
0.55 0.7590 1.172 | 0.469
0.60 0.7711 1.206 | 0.498
0.65 0.7951 1.269 | 0.512
0.70 0.8072 1.305 | 0.536
0.75 0.8313 1.375 | 0.545
0.80 0.8434 1.418 | 0.564
0.85 0.8916 1.605 | 0.530
0.90 0.9036 1.664 | 0.541
0.95 0.9157 1.725 | 0.551
1.00 0.9157 1.725 | 0.580
1.05 0.9398 1.880 | 0.559
1.10 0.9518 1.975 | 0.557
1.15 0.9639 2.095 | 0.549
1.20 0.9639 2095 | 0573
1.25 0.9880 2.514 | 0497
Average| 0.503

Table 11-1 Derivation of standard deviation for eq. 11.7

DERIVATION OF DESIGN GRAPH FOR REAR SEGMENT

Since not much data is available for the rear segment at which some or
severe damage occurred for the whole range of crest freeboard, it is not
possible to derive an empirical formula. Therefore a design graph will be
created at which as much parameters as possible will be taken into
account.

The influence of the fictitious wave steepness, s, can be derived from
tests 2, 5, 6 and 9. However, for tests 2, 6 and 9, only data points with N,,
= 0 are available. Therefore only test 5 has been used to derive a relation
between the stability number and the wave steepness. In section 10.2 it
has already been mentioned that an increasing wave steepness gives less
overtopping waves and therefore less damage to the rear segment.

The same relation as given by equation 11.2 has been used. For the rear
segment the average value for parameter b, appeared to be: 0.4.
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So the following function can be used to describe stability of the rear

segment
Hﬂ s;:;-“ :f Ngd:N>kAJ RC (118)
ADR Dn,REftR

The influence of the placing density, expressed by k4 on damage to the
rear is given in Figure A2.16. Theoretically it is expected that a decreasing
placing density wili give more damage to the breakwater. However, Figure
A8.39 does not give a clear relation between damage and k,. The placing
density can, therefore, not be taken into account.

The influence of the storm duration is given in Table AS.1. As can be seen
is the relation between the number of waves, N and the damage caused by
is, N,q, given by a factor 2. Since not more than 3000 waves were tested it
is not possible to give a function to express the relation between the two
parameters. The factor 2 has been used to be able to use the damage
points after 3000 waves in comparison with 7000 waves. The damage after
3000 waves has been divided by 2. In this way new average damage
curves could be drawn in order to obtain new data points.

All data points are shown in Figure A9.17, which is a graph of R/D,, wu
versus Hy/AD, dependent on the damage number. For two damage
numbers, namely N,; = 0 and N,; = 1.0 the best fit curve has been drawn.
The dashed lines can not be proven by data points or by theory, since
there is not a formula predicting wave overtopping at structures with an
armour layer of Tetrapods. The dashed lines are drawn in accordance with
the design graph by Burger (1995) for low-crested structures with an
armour layer of rock, see also Figure 10-1. It is clear, that for an increasing
freeboard hardly any water will overtop the structure and therefore hardly
any damage will occur. A vertical asymptote should therefore be used. At
which R/D, this asymptote will occur can not be checked, because of the
tack of data points.

It is also seen that for a relative crest freeboard of R/D, wme = 4 the
development of damage is quickly. Once damage has been initiated the
failure of the rear segment of the structure follows very fast. For higher and
lower crest freeboards the difference in stability number for the different
damage numbers is larger. This phenomenon is also to be seen in the
figures for the individual damage curves. For a relative crest freeboard of
R/Dy, rair = 4 the curves are very steep.
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11.5

COMPARISON BETWEEN FRONT + CREST WITH REAR

In order fo find out what the difference is between the derived stability
formula for Front + Crest, eq. 11.7, and the above derived design curve for
the Rear, Figure A9.14, it is useful to present a graph in which both are
given. Therefore, some parameters will have to be taken constant, since
they could not be taken into account in the design graph. These
parameters are: s,,, = 0.055, k4, = 1.02 and N = 1000. Figure A9.18 gives for
two damage levels, N,; = 0 and N,; = 1.0 the design curves. As can be
clearly seen from the figure the Front + Crest segments are normative for
the whole range of crest freeboard. Except for R/D, around 0.5. At this
point the rear is slightly more instable. What else is seen is that for a high
positive relative crest freeboard, e.q. R/D, = 4, there is a 35 % difference in
the stability numbers. So Tetrapods with a nominal diameter a 0.65 * D, moxr
can be used, which means a saving in weight of around 70 %!
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12.

12.1

CONCLUSIONS AND RECOMMENDATIONS

in this Chapter the conclusions and recommendations, which can be drawn
from this study (Part B), will be mentioned.

CONCLUSIONS

During the investigation and from various literature sources, it became
clear that the following parameters describe damage, N,, to a low-
crested breakwater with an armour layer of Tetrapods satisfactory:

Hydraulic parameters:

- wave height H (which is defined as H,3 ;)
- mean wave period T
- number of waves N

Structural parameters:
- crest height R.
- nominal diameter of Tetrapod D,
- density of placement, expressed

by the tayer thickness coefficient ka
- density of concrete Pe

The variation of the water depth did not affect the development of
damage. The wave height A, appears io be a good measure for the
maximum wave heights causing the damage, for all water depths tested.

The following non-dimensional parameters were used to take into
account above menticned parameters:

R
- relative crest freeboard D”
H.
- stability number 2
AD,
- fictitious wave steepness Som

Since it was tried to make a comparison between the existing formuia by
Van der Meer, eq. 2.16, and the new data, the damage for the Front and
Crest segment were taken together. The Rear segment has been
investigated separately. The Van der Meer formula was derived for fairly
low fictitious wave steepnesses up to 0.030. The new data had much
higher wave steepnesses. Just like the formulae describing the stability
of rock, eq. 2.15 a, b and c, a distinction should be made dependent on
the type of wave breaking. For high values of s, an increase of the
wave period, T, (and therefore a decrease of s,,} leads to an increase
of the damage number, N, thus a decrease of the stability number, N,
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For the Front + Crest segment the relative crest freeboard, R/D,, has
only influence on the stability number for values lower than 2.0. For
lower values there is a strong increase in stability for the Front + Crest
segment. At the Rear section minimum stability is reached for R/D,
between 0.0 and /.0. For an increasing R./D, the stability of the Rear will
strongly increase. For a certain R/D, a vertical asymptote will be
present, since no water will overtop the structure and causes damage to
it. This asymptote could not be determined, since the range of tested
crest freeboards was not large enough. There are also no overtopping
formulae found for breakwaters with an armour layer of Tetrapods, so
the crest height at which no more water overtops the breakwater could
also not be determined.

The influence of the placing density, expressed by the layer thickness
coefficient did have effect on the Front + Crest section. An increasing k4
causes an increase in stability. Although it is expected that the same is
true for the Rear section, the data did not show considerable difference
in stability dependent on this £,

The influence of k4 has been taken into account in the start of damage
(Nod = 0) by

“om

H_
—Z g0 =264k, +125 (12.1)
AD

n

For the Front + Crest segment the existing relation between N,; and N
was applicable. For the Rear segment the following relation was used:

N, (N =3000)

N,.(N =1000) 12.2)

The empirical formulae describing the stability of Tetrapods at low-
crested structures with R/D, > 4, applicable for damage to the Front +
Crest segment is:

0%
A, =50 (2.64ka+1.25)+8.6(N "d] (12.3)
AD, JN

The influence of the relative crest freeboard is present for R/D, < 4. An
amplification factor on the stability number, dependent on R/D,, has
been derived:

—0.61&
Amplification factorz{HO.l?e D"J (11.5)
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e The final stability for low-crested structures with an armour layer of
Tetrapods now becomes:

I 7 N —osie
= 0| (264k, +125)+86 —ﬁ * 1+017¢ O (11.7)

L

» The 90 % confidence bands can best be described by taking into
account a constant variation of the starting point for damage. The
standard deviation appears to have a value of 0.5.

o For the Rear segment it is not possible to derive an empirical formula.
Therefore a design graph is presented, see Figure A9.16,

e For practical design purposes both formulae, the Van der Meer one and
the newly derived one, should be taken into account. The formula giving
the highest stability number, ¥,, is the one that should be used.

« The computer program ENDEC slightly overestimates the wave height
based on the energy density spectrum at shallow water, for a foreshore
of 1:50. The difference between laboratory measurements and the
program appeared to be dependent on the water depth in front of the
structure, # and the deep water wave steepness, s,.

s The modified Glukhovskiy distribution is not a good model to describe
the exceedance curves of the wave height at shallow water. Therefore it
is also not a good model to relate H,,..; to H, at shaliow water.

12.2 RECOMMENDATIONS

e The crest with, B, has not been varied during this study. From
overtopping formulae it is clear that an increasing crest width causes
lower volumes of overtopping water. Therefore, the damage to the Rear
as well as to the Crest will be influenced by the crest width.

= As to verify whether the amplification factor 4 (eq. 11.5) is also
applicable on the Van der Meer formula, a new model investigation
should be performed. For varying crest heights, R, also very low
fictitious wave steepnesses, s,,,, should he tested.

Since, theoretically, the influence of R/D, in not depending on the
fictitious wave steepness, this amplification factor can also be used on
the Van der Meer formula.

o Even lower water levels than # = 0.30 m in front of the structure should
be tested to find out whether, for extreme shallow water conditions, the
significant wave height H, ; is still a good measure to describe the higher
wave heights causing damage to the breakwater.
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ANNEX 1

Figures of cross sections of the various data seis
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ANNEX 2

Tabies of data of various daia sets






Test| h Rc Hsi | Tp | sop | Hst |Re/Msi| Kt |Rc/Dn50|Hsi/Dn50|Dn50| Ir | BfLo |B/Hsi| Hsifh
m m m s - m m m - - m - - -
bw1 0.?50_ 0.000{ 0.156| 1.3400.056|0.050| 0.000|0.319 2.826| 0.107]1.823(0.208
bw1 10600 0.147]|0.172|1.460,0.052|0.026| 0.856|0.151 2.933| 0.090|1.744|0.287
bwi1 {0.750] 0.000|0.167|1.45010.051|0.059| 0.000|0.355 2.956| 0.091{1.796|0.223
bwi1 [0.750] 0.000{0.133| 1.340,0.047|0.041] 0.000|0.305 3.061| 0.107|2.256|0.177
bwi 10750 0.000]0.125|1.330;0.045|0.036| 0.000| 0.291 3.134! 0.109]|2.400|0.167
bwt 10.750| 0.000]0.165|1.560:0.043|0.057| 0.000) 0.347 3.189] 0.079(1.818|0.220
bwi |0.600, 0.147,0.169|1.620/0.041|0.030| 0.871|0:176 3.283| 0.073|1.775|0.282
bw1 |0.600| 0.147{0.158|1.600(0.040|0.016| 0.932)0.103 3.353| 0.075|1.899|0.263
bwi1 [ 0.600} 0.147|0.155[2.020(0.024|0.025| 0.950!0.160 4.274| 0.047|1.935|0.258
bw1 (0.600| 0.147;0.128(2.050(0.020,0.008| 1.150;0.068 4.773| 0.046]2.344]0.213
bw1 |0.750| 0.000|0.115/2.000|0.018|0.041| 0.000;0.356 4.813| 0.0458|2.609|0.153
bw1 10.600| 0.147]0.120;3.320|0.007| 0.005| 1.227|0.045 7.984| 0.017]2.500(0.200
bw1 |0.600| 0.147(0.113/3.320|0.007]0.004| 1.303|0.039 8.227| 0.017|2.655/0.188
bwd |[0.450! 0.204/0.121{2.120(0.01710.014; 1.707{0.113 1.8411 . 1.090|0.111|2.9298| 0.057|3.306|0.269
bwd |0.450( 0.204(0.12411.700|0.0270.014; 1.665|0.109 1.841 1.11710.111]| 2.320| 0.089(3.226{0.276
bwd 10.450| 0.204|0.1241.300{0.047,0.009. 1.665|0.071 1.841 1117|0111 1.774] 0.152(3.226|0.276
bw4 |0.740[-0.080|0.133|2.120|0.0190.072; -0.602}0.543| -0.721 1.198/0.111|2.794| 0.0573.008/0.180
bw4 |0.600| 0.060(0.148|2.230(0.019:0.034] 0.405]0.228 0.541 1.333(0.111{2.786| 0.052|2.703/0.247
bw4 |[0.600| 0.060|0.150|2.230|0.019,0.035! 0.400]0.231 0.541 1.351|0.1112.767| 0.052]2.667|0.250
bw4 |0.600| 0.060|0.146|2.12010.021|0.033; 0.411/0.229| 0.541 1.315|0.111|2.666| 0.0572.740/0.243
bwd |0.600| 0.060|0.147|2.12010.021|0.033| 0.408|0.226 0.541 1.324(0.111|2.857| 0.057|2.721/0.245
bwd |{0.740(-0.080(0.161]2.030:0.025(0.080| -0.497|0.495| -0.721 1.450(0.111]2.431| 0.062|2.484{0.218
bw4 | 0.450| 0.204)|0.1491.530/0.041|0.013| 1.381|0.084 1.841 1.342|0.111] 1.805| 0.110|2.685|0.331
bw4 |0.600{ 0.060{0.170/2.030/0.026]|0.040| 0.353|0.233| 0.541 1.532(0.111|2.366| 0.062|2.353|0.283
bw4 |0.600{ 0.0680|0.150|1.530:0.041|0.029| 0.400|0.193 0.541 1.351(0.111]1.889| 0.110|2.667|0.250
bw4 |0.740:-0.080|0.156|1.530}0.043(0.076| -0.513|0.484| -0.721 1.405(0.111]1.862| 0.110|2.564|0.211
bwd |0.740!-0.080[0.146|1.440)0.045|0.073| -0.548(0.501| -0.721 1.315(/0.111|1.811| 0.124|2.740(0.197
bwd |0.600] 0.060|0.146|1.440:0.045/0.027| 0.411|0.188| 0.541 1.315[0.111(1.811| 0.124|2.740|0.243
bw4 |0.600] 0.060|0.146| 1.440{0.045|0.027| 0.411|0.187| 0.541 1.315/0.111]1.811| 0.12412.74010.243
bw4 |0.450| 0.204|0.164|2.350{0.019|0.019| 1.252|0.113 1.841 1.4770.111|2.789| 0.046{2.439; 0.264
bw4 |0.600| 0.060)|0.154|1.380{0.052|0.032] 0.390/0.209| 0541 1.387/0.111)1.690| 0.135|2.597{0.257
bwd |0.600( 0.060(0.174|1.380|0.059(0.041! 0.345|0.237 0.541 1.568/0.111;1.590] 0.135|2.299|0.290
bwdw | 0.850(-0.184|0.153(1.940(0.026,0.118| -1.214|0.768| -1.661 1.378(0.111}2.384| 0.068|2.614|0.180
bwdw | 0.850|-0.184|0.170|1.820|0.033:0.130} -1.089|0.766; -1.661 1.532|0.111]2.121| 0.077{2.353|0.200
bwidw | 0.850|-0.184/0.167(1.530| 0.046:0.126] -1.110|0.755} -1.661 1.505]0.111]|1.799| 0.110(2.385|0.196
bwdw [ 0.850(-0.184]0.152]/1.440( 0,047, 0,119} -1.222|0.786: -1.661 1.369]0.111|1.775} 0.124|2.632|0.179
bw4dw | 0.800}-0.137]0.174: 1.380|0.059| 0.114| -0.805|0.658] -1.236 1.66810.111/1.590| 0.135(2.299|0.218
bwdw | 0,760(-0.100{0.157{ 1.300|0.060( 0.081| -0.637/0.518| -0.901 1.414{0.111]1.577| 0.152!2.54810.207
bws |0.600/-0.270)|0.134(1.160|0.064|0.089| -2.015/0.663| -2.432 1.207|0.111]| 2.639| 0.191|2.985|0.223
bw5s |0.600|-0.270|0.134!1.160|0.064| 0.087} -2.015|0.652| -2.432 1.207(0.111]|2.639) 0.191|2.985(0.223
bwb |0.600]|-0.270{0.158|1.26010.064|0.125| -1.708|0.792| -2.432 1.423{0.111/2.639| 0.162|2.532(0.263
bw5 |0.750|-0.420{0.178|1.340 0.064|0.16C| -2.360|0.808] -3.784 1.604/0.111;2.645 0.143]2.247(0.237
bw5 |0.750]|-0.420{0.177|1.340,0.063|0.157| -2.373/0.885| -3.784 1.59510.111,2.652| 0.143|2.260(0.236
bws |0.450i-0.120|0.080|0.910|0.062]0.057! -1.500{0.708| -1.081 0.721/0.111|2.679| 0.310|5.000|0.178
bwS |0.450-0.120|0.122|1.300| 0.046,0.087! -0.984{0.710] -1.081 1.099|0.111)|3.099] 0.152]3.279| 0.271
bw5 |0.600(|-0.270)|0.153}1.550|0.041{0.125{ -1.765|0.815; -2.432 1.378)0.111|3.300; 0.107{2.614|0.255
bws |0.600|-0.270{0.152{1.550]/0.041|0.124| -1.776|0.815] -2.432 1.369:0.111;3.310| 0.107]2.632|0.253
bws |0.450]-0.120)0.148|1.530|0.041|0.098| -0.811]|0.662| -1.081 1.333{0.111{3.312| 0.110|2.703|0.329
bws |0.750]-0.420)0.006|1.450|0.029|0.079| -4.37510.825| -3.784 0.865/0.111|3.897| 0.122|4.167]0.128
bw5 |0.750]-0.420|0.095(1.450|0.029/0.077| -4.421.0.807) -3.784 0.856|0.111(3.917| 0.122|4.211|0.127
bwd [0.600/-0.270]0.171{1.970|0.028/0.139| -1.579{0.810| -2.432 1.541(0.111|3.967 0.066]2.338]0.285
bw5 [0.600{-0.270/0.170{1.970/0.028|0.138| -1.588|0.814| -2.432 1.63210.111:3.878; 0.066|2.353]0.283
bwbs |0.750|-0.42010.153|1.880, 0.028/0.126| -2.745,0.823| -3.784 1.378/0.11114.002| 0.073:2.614[0.204
bwbs [0.750]-0.420|0.1563(1.880|0.0280.126| -2.745|0.826| -3.784 1.378|0.111[4.002| 0.073:2.614{0.204
bwb 10.750(-0.420(0.151;1.880|0.027,0.116{ -2.7810.769 -3.784 1.360|0.111(4.028| 0.073|2.649|0.201
bw5 [0.450/-0.120(0.144:2230|0.019!0.106] -0.833(0.735| -1.081 1.29710.111/4.893| 0.052|2.778]0.320
bws 10.450!-0.120]0.1582.350(0.018] 0.108{ -0.759[/0.685] -1.081 1.423[0.111]4.923] 0.046]2.532|0.351
Data of Seelig (1980) Table A2.1



Test| h Rc | Hsi | Tp | sop | Hst |Re/Hsi| Kt [Re/DnS0 | Hsi/Dn50|Dn50| Ir | Bilo | B/Hsi! Hsi/h

- m m m - - m - - -
bw5s 10.450(-0.120(/0.123|2.120{0.018|0.104| -0.976; 0.842| -1.081 1.108|0.111|5.033| 0.057|3.252|0.273

bwd |0.450;-0.120|0.122|2.12010.017|0.097| -0.884{0.798| -1.081 1.099|0.111]5.054| 0.067(3.279| 0.271

bw5 |0.600!-0.270|0.126|2.640/0.012[0.101| -2.14310.804| -2.432 1.135;0.111]6.193| 0.037[3.175/0.210

bws |0.600|-0.270(0.125!2.640/0.011]0.087, -2.160/0.777| -2.432 1.126/0.111}6.218{ 0.037]3.200/0.208

bws |[0.750,-0.420;0.098]2.440:0.011|0.079| -4.286,0.803] -3.784 0.883|0.111|6.480| 0.043)|4.082/0.131

bw5 |0.750(|-0.420/0.089|2.460)0.010|0.083| -4.242 0.843; -3.784 0.892|0.111|6.510) 0.042|4.040]0.132

bw5 |0.600|-0.270/0.131/2.840(0.010(0.003} -2.061;0.713] -2.432 1.180{0.111)|86.534, 0.03213.053, 0:218}

bwi10 | 0.600| 0.060]|0.122|1.14010.060]0.023| 0.482(0.190, 0.373 0.758(0.161(2.718| 0.14812.4590.203

bw10 | 0.750}-0.090/0.160] 1.340/0.057| 0.065| -0.563|0.408| -0.559 0.994|0.161|2.789| 0.1071.875/0.213

bw10 1 0.450] 0.210|0.168|1.360|0.055]/0.010| 1.329/0.062 1.304 0.98110.16112.849| 0.104:1.8991 0.351

bw10 |0.750{-0.090|0.162 1.450/0.049; 0.072| -0.566|0.447| -0.559 1.006!0.161]3.000} 0.09111.852,0.216

bw10 {0.750{-0.08010.130!1.340: 0.046: 0.060| -0.682|0.458| -0.559 0.807/0.16113.095| 0.107{2.308!0.173

bw10 | 0.600| 0.060;0.162|1.510,0.04610.031| 0.370)|0.181 0.373 1.00610.161]3.124! 0.0841.852/0.270

bw10 | 0.750|-0.090{0.125]1.330,0.045;0.051| -0.720|0.405| -0.559 0.776:0.161/3.132| 0.10912.400(0.167

bw10 [0.600| 0.060|0.169!1.640|0.040(0.036] 0.355|0.215 0.373 1.050;0.161:3.322| 0.072}1.775;0.282

bw10 | 0.600{ 0.060|0.146|1.540|0.039/0.033] 0.411;0.229 0.373 0.907[0.1613.356| 0.081|2.055|0.243

bw10 {0.450| 0.210|0.161|1.670{0.0370.013| 1.304;0.082 1.304 1.000|0.161|3.466, 0.069|1.863(0.358

bw10 | 0.750{-0.080|0.170]|1.720{0.037{0.071| -0.529|0.418| -0.559 1.066|0.161|3.4741 0.065)|1.765|0.227

bw10 ;0.450| 0.210]0.154|2.210|0.020)|0.014| 1.364(0.090 1.304 0.957)0.161|4.689; 0.039)1.948|0.342

bw10 | 0.750|-0.090]0.110{2.000| 0.018|0.052| -0.818(/0.475{ -0.559 0.683|0.161)|5.021; 0.048)|2.727)|0.147

bw10 |0.450! 0.210|0.125|2.210{0.016(0.012| 1.680)0.098 1.304 0.776|0.161)5.205; 0.039|2.400|0.278

bwi0 | 0.750:-0.090|0.103| 2.640 0.009; 0.057| -0.874|0.652} -0.559 0.640/0.161|6.849: 0.028)|2.913)|0.137

bw10 |0.600} 0.060|0.144[3.240{0.009:0.041| 0.417/0.286 0.373 0.894/0.161|7.1091 0.018|2.083|0.240

bwi10 |0.450] 0.21010.123,3.460|0.007|0.015| 1.707;0.126, 1.304 0.764|0.161)| 8.215] 0.016]2.438)|0.273

bw10 | 0.600| 0.060i0.112}3.320|0.007|0.030| 0.536|0.268| 0.373 0.696|0.161)8.2604 0.017|2.679)|0.187

Continued Tablie AZ2.1



Test h Rc | Hsi| Tp | sop | Hst |RefHsi| Kt |Re/DnS0 | HsilDn50| Dn Ir B/Lo | B/Hsi | Hsi/h
m - m s - - - m - - - - - -

All-short |0.348]0.080(0.16311.802{0.030|0.062| 0.490,0.380 2.000 4075/0.040 2.876| 0.032| 0.982| 0.468
All-short |0.348|0.080/0.136]1,698/0.030/0.037} 0.590/0.270 2.000 3.400|0.040; 2.876| 0.036] 1.176! 0.391
All-short [0.348,0.080/0.108{1.513/0.030/0.015] 0.740/0.140 2.000 2.700|0.040| 2.876] 0.045 1.481| 0.310
All-short 10.348|0.080/0.081{1.310/0.030{0.010| 0.990{0.120 2.000 2.025|0.040] 2.876; 0.060; 1.975 0233
Alshort |0.3100.121/0.148{1.771/0.030,0.030| 0.820/0.200 3.025 3.70010.040| 2.876} 0.033] 1.081 0477
Ali-short |0.310(0.121|0.146/1.7590.030/0.026| 0.830/0.180 3.025 3.6500.040. 2.876| 0.033] 1.096| 0.471
All-short [0.310]0.121/0.127/1.641:0.030{0.015] 0.850/0.120 3.025 3.175.0.040! 2.876| 0.038] 1.260 0410
All-short [0.310(0.1210.127[1.641|0.030(0.014| 0.850/0.110 3.025 3.17510.040| 2.876| 0.038 1.260| 0.410
All-short [0.31010.121[0.095{1.419(0.030{0.009| 1.270|0.090 3.025 2375/0.040| 2.876| 0.051 1.684| 0.306
All-short {0.310(0.121]0.099(1.44810.030,0.007; 1.220|0.075 3.025 2.475(0.040| 2.876| 0.049, 1.616! 0.319
All-shert 0.31010.121:0.073(1.244/0.030,0.005| 1.660)|0.070 3.025 1.825/0.040| 2.878| 0.0686] 2.192] 0.235
All-short |0.31010.121/0.0498{1.0190.030|0.003| 2.450)|0.070 3.025 1.225:0.040| 2.876| 0.099] 3.265| 0.158
Al-short 10.275:0.154|0.132|1.673|0.030|0.013] 1.17010.100 3.025 2.593i0.051| 2.876| 0.037] 1.212| 0.480
All-short 10.275|0.154|0.117(1.575]0.030,0.018| 1.320,0.150 3.025 2.298|0.051| 2.876( 0.041! 1.368| 0.425
All-short [0.275|0.154/0.097 |1.43410.030/0.005| 1.580}0.055 3.025 1.905(0.051| 2.876| 0.050! 1.649; 0.353
All-short |0.275|0.154|0.0671.192!0.030/0.003| 2.300;0.050 3.025 1.316[0.051| 2.876( 0.072{ 2.388] 0.244
All-short [0.275|0.154/0.048{1.019{0.030/0.002| 3.150:0.050 3.025 0.963|0.051| 2.876| 0.099 3.265 0.178
Al-leng 10.310(0.121/0.130!3.170/0.008/0.029| 0.930(0.220 3.025 3.250|0.040| 5.493| 0.010f 1.231, 0419
Al-long 0.310(0.121/0.123:3.170/0.008|0.023| 0.980(0.180 3.025 3.076|0.040| 5647 0.010; 1.301; 0.397
Al-leng |0.274|0.156|0.115{3.170;0.007|0.013| 1.360/0.115 3.800 2.875|0.040] 5.840] 0.010, 1.391| 0.420
[Ali-long 10.274]0.156]0.11113.170{0.007[0.013] 1.410]0.120 3.800 2775|0.040| 5944 0.010 1.441] 0.405

Data of Allsop {(1983) Table A2.2



Test h Re Hsi | Tp | sop | Hst |Re/Hsi| Kt |Re/DnHsi/On!Dbn| ir | Bito | BMHsii Hs/h
m m m s - m - - - - m - - - -
DaKa-lmp. 0.700{-0.200|0.061|1.230|0.0260.054| -3.279/0.885 3.111] 0.085] 3.279] 0.087
DaKa-Imp. 0.700|-0.200|0.10411.630{0.025]0.083| -1.923|0.800 3.158(0.048| 1.923| 0.149
DaKa-imp. 0.500(-0.200(0.160,2.040(0.02510.129| -1.250/0.805 3.186(0.031| 1.250| 0.320
DaKa-imp. 0.500| 0.000/0.100:1.630(0.024/0.057| 0.000/0.570 3.220(0.048| 2.000| 0.200
DaKa-Imp. 0.600{-0.100:0.099:1.630|0.024 0.070| -1.010[0.708 3.237|0.048| 2.020| 0.185
DakKa-Imp. 0.500] 0.000!0.155i2.040(0.024:0.101| 0.000/0.653 3.237(0.031|1.290! 0.310
DaKa-imp. 0.600(-0.100/0.155|2.040(0.024:0.124| -0.645/0.801 3.23710.031{1.290| 0.258
DaKa-imp. 0.500| 0.0000.097|1.630]0.023[0.055] 0.000{0.563 3.270{0.048]2.062| 0.194
DaKa-Imp. 0.500! 0.000;0.05511.230;0.023(0.024, 0.000{0.437 3.27710.085{ 3.636| 0.110
DaKa-imp. 0.6001-0.100|0.055|1.230(0.023(0.042| -1.818|0.772 3.277{0.085| 3.636| 0.092
DaKa-imp. 0.500(-0.200(0.206|2.450{0.02210.174| -0.871|0.846 3.372(10.021| 09711 0.412
DaKa-imp. 0.500(-0.200{0.205|2.450(0.022/0.158| -0.976|0.772 3.381{0.021|0.976! 0410
DaKa-imp. 0.600|-0.100/0.196,2.450(0.021!0.164{ -0.510{0.835 3.45710.021|1.020, 0.327
DakKa-imp. 0.500] 0.000(0.194!2.450{0.021|0.138} 0.000/0.715 3.475|0.021( 1.031] 0.388
DaKa-lmp. 0.600(-0.100/0.132:2.040]0.020|0.105} -0.758/0.793 3.508} 0.031[ 1.515| 0.220
DaKa-imp. 0.500(-0.200{0.129{2.040:0.020{0.097 | -1.550:0.749 3.549| 0.031| 1.550| 0.258
DaKa-imp. 0.700(-0.200{0.078|1.630{0.019|0.061| -2.564{0.782 3.646|0.048;2.564| 0.111%
DaKa-imp. 0.500] 0.000:0.121|2.040|0.01810.075| 0.000|0.5616 3.664| 0.031) 1.653| 0.242
DaKa-imp. 0.5001 0.000;0.168|2.450|0.018:0.114( 0.000|0.680 3.734|0.021; 1.180| 0.336
DaKa-lmp. 0.600;-0.10010.071|1.630(0.017:0.051( -1.408|0.713 3.822| 0.048 2.817| 0.118
DaKa-Imp. 0.6001-0.100(0.1602.450(0.017{0.128| -0.625|0.808 3.827|0.021: 1.250| 0.267
DaKa-Imp. 0.600{-0.100(0.212{2.860:0.0170.175{ -0.472|0.825 3.881|0.016] 0.943| 0.353
DaKa-Imp. 0.500| 0.000(0.0681.630:0.016(0.034! 0.000/0.484 3.905|0.048 2.941| 0.136
DaKa-mp. 0.600|-0.100(0.101|2.040:0.016|0.076| -0.990|0.752 4.010|0.031{1.980| 0.168
DaKa-imp. 0.600(-0.100{0.197)|2.860:0.015|0.150| -0.508]0.763 4.026]| 0.0186{ 1.015| 0.328
DaKa-imp. 0.500(-0.200{0.099|2.040;0.015|0.074| -2.020{0.74% 4.051| 0.031:2.020| 0.158
DaKa-Imp. 0.500! 0.00010.192|2.860]/0.015(0.143] 0.000{0.747 4.078| 0.016: 1.042| 0.384
DaKa-tmp. 0.500| 0.0000.174|2.860/0.014|0.124] 0.000{0.713 4.284!0.016]1.149| 0.348
DaKa-imp. {.500| 0.000{0.082|2.040/0.013|0.045| 0.000}0.552 4.45110.031]|2.439| 0.164
DaKa-imp. 0.500| 0.000{0.118|2.450|0.013/0.073] 0.000{0.621 4.45610.021]|1.685| 0.236
DaKa-imp. (.600(-0.100{0.160|2.860(|0.013|0.129| -0.625/0.805 4 4671 0,0168| 1.250Q| 0.267
DaKa-imp. 0.600(-0.100{0.116)12.450|0.012|0.091| -0.862{0.782 4.494:0.02111.724| 0.183
DaKa-mp. 0.600{-0.100{0.206|3.270|0.012|0.171]| -0.485/0.828 4.50110.01210.971| 0.343
DaKa-tmp. 0.700]-0.20010.051)1.630|0.012]0.042| -3.922|0.825 450810048 3.922| 0.073
DaKa-imp. 0.500| 0.00010.204|3.270|0.012/0.148] 0.000{0.724 4.523|0.012,0.980| 0.408
DaKa-Imp. 0.500/ 0.000{0.194|3.270|0.012]0.140; 0.000]/0.724 4.638|0.012] 1.031| 0.388
DaKa-mp. 0.500{ 0.000{0.027|1.230;0.011|0.011} 0.000/0.414 4.8677]0.085) 74071 0.054
DaKa-imp. 0.600(-0.100{0.188)3.2700.011(0.125| -0.532|0.664 4.71210.012| 1.064{ 0.313
DaKa-imp. 0.600(-0.100{0.044|1.630/0.011|0.032| -2.273|0.731 4.855]0.048] 4.545| 0.073
DaKa-Imp. 0.500( 0.000(0.17713.2700.01110.123[ 0.000|0.694 4.856(0.012|1.130| 0.354
DaKa-imp. 0.700|-0.200(0.025]1.230(0.011:0.023( -8.000]0.917 4.860{ 0.085! 8.000| 0.036
DaKa-Imp. 0.500! 0.000/0.131]2.860(0.010(0.087| 0.000:0.667 4.937(0.016| 1.527| 0.262
DaKa-lmp. 0.600}-0.100:0.024|1.230(0.010|0.020; -4.167{0.837 4.960( 0.085| 8.333| 0.040
DaKa-lmp. 0.700:-0.20010.085|2.040{0.010|0.050; -3.077{0.763 4.999|0.031| 3.077| 0.093
DaKa-lmp. 0.6001-0.10010.12813.27010.008]0.102{ -0.781(0.793 57101 0.012|1.563| 0.213

Data nf Naemrich & Kahle (198K} Imnermeable Table A2.3a



Test h Rc | Hsi | Tp | sop | Hst | Re/Hsi| Kt | Rc/Dn|Hsi'Dn| Dn Ir B/Lo | B/Hsi | Hsi/h

- - - m - -
DaKa 0.2 0.700]-0.200]0.023[1.230/0.010]0.021] -8.696 | 0.807 | -2.664 | 0.295 |0.07815.067] 0.085) 8.696 | 0.033

DaKa 0.2(0.700{-0.200|0.039|1.630,0.009/0.031| -5.128 | 0.800| -2.564 | 0.500 |0.078/5.157| 0.048{ 5.128{ 0.056

DaKa 0.2]0.600/-0.100{0.025[1.230{0.011|0.019| -4.000 {0.763|-1.282| 0.321 10.078/4.860, 0.085| 8.000: 0.042

DaKa 0.2{0.700/-0.200/0.051]1.230(0.022|0.042| -3.92210.832|-2.564 | 0.654 10.078/3.403| 0.085| 3.922 | 0.073

DakKa 0.2]0.700[-0.200|0.070|1.630|0.017)0.053| -2.857 |0.752|-2.5664| 0.897 {0.078|3.849| 0.048| 2.857 { 0.100

DaKa 0.2 0.600-0.100{0.037}1.630{0.009|0.026| -2.703 |0.690|-1.282| 0.474 |0.078|5.294; 0.048| 5405 0.062

DaKa 0.2|0.700|-0.200|0.083/2.040/0.014/0.067| -2.151 |0.722|-2.564| 1.192 |0.078{4.179| 0.031| 2.151 | 0.133

DaKa 0.210.700|-0.200/0.097:1.630{0.023]0.072] -2.062 [0.745] -2.564| 1.244 |0.078|3.270| 0.048| 2.082 | 0.13%

DaKa 0.2/0.700{-0.20010.101,2.860| 0.008|0.074| -1.880 |0.7361-2.564| 1.205 |0.078|5.622| 0.016| 1.980 | 0.144

DaKa 0.20.600|-0.100|0.0611.23010.02210.039; -1.961 |0.766,-1.282| 0.654 |0.078|3.403| 0.085| 3.922 | 0.085

DaiKa 0.2|0.700{-0.200|0.112|2.450,0.012]0.081| -1.786 |0.726|-2.564 | 1.436 [0.078|4.574| 0.021| 1.786 | 0.160

DaKa 0.2|0.700}-0.200{0.123]2.040{0.019{0.090| -1.626 | 0.729|-2.664; 1.577 {0.078/3.634| 0.031) 1.626 | 0.176

DaKa 0.2|0.500| 0.000|0.024|1.230|0.010({0.010| 0.000 |0.416] 0.000 : 0.308 |0.078{4.960| 0.085; 8.333 | 0.048

DaKa 0.2/0.500| 0.000 | 0.040|1.630/0.010{0.014; 0.000 |0.361) 0.000 | 0.513 |0.078|5.082| 0.048| 5.000 | 0.080

DaKa 0.210.500{ 0.000 [0.055[1.230{0.023|0.020| 0.000 (0.372| 0.000 | 0.705 |0.078|3.277; 0.085] 3.636 | 0.110

DaKa 0.2/ 0.600(-0.100{0.068!1.630/0.016,0.046( -1.471 | 0.676|-1.282| 0.872 |0.078|3.905] 0.048| 2.941 | 0.113

DaKa 0.2/0.500( 0.000,0.072;1.630|0.017|0.026( 0.000 |0.366) 0.000 | 0.923 0.078|3.795| 0.048|2.778 | 0.144

DaKa 0.2|0.600|-0.100/0.0962.040(0.015|0.064; -1.042 [0.671|-1.282| 1.231 [0.07814.113] 0.031| 2.083 | 0.160

DaKa 0.2|0.600{-0.100|0.097|1.630/0.023|0.068; -1.031 |0.703|-1.282| 1.244 10.078{3.270| 0.048| 2.062 | 0.162

DaKa 0.2]|0.500; 0.000 | 0.098|2.860,0.008:0.047| 0.000 {0.481] 0.000 | 1.256 {0.078:5.708| 0.016| 2.041 | 0.196

DaKa 0.2{0.500] 0.000 | 0.098/2.040{0.015,0.039| 0.000 |0.400] 0.000 | 1.256 |0.078;4.071| 0.031|2.041 0.196

DaKa 0.2|0.600(-0.100/0.088,2.860|0.008|0.066( -1.010 |0.667}-1.282| 1.269 |0.078|5.679| 0.016] 2.020 | 0.165

DaKa 0.2|0.500( 0.000 {0.100]1.630|0.024|0.038| 0.000 |0.391; 0.000 | 1.282 |0.078/3.220| 0.048] 2.000 | 0.200

Daka 0.2|0.500{ 0.000 (0.118)2.450/0.013|0.055] 0.000 |0.462] 0.000 | 1.513 |0.078|4.456; 0.021] 1.695| 0.236

DaKa 0.2|0.600{-0.100(0.127)|2.040/0.020|0.088| -0.787 | 0.690|-1.282( 1.628 |0.078|3.576] 0.031{ 1.575] 0.212

DaKa 0.2)0.500| 0.000|0.127|3.270/0.008|0.065; 0.000 |0.508) 0.000 | 1.628 |0.078|5.733] 0.012] 1.575| 0.254

DaKa 0.2)|0.500] 0.000 [0.128)2.040(0.020|0.057; 0.000 |0.444) 0.000 | 1.641 |0.078|3.562} 0.031] 1.563 | 0.256

DaKa 0.2|0.700{-0.200(0.129|3.270{0.008!0.096| -1.550 |0.747|-2.564| 1.654 |0.078|5.688] 0.012| 1.550| 0.184

DaKa 0.2|0.600/-0.100/0.137|3.270|0.008|0.093| -0.730 |0.678(-1.282| 1.756 |0.078|5.520] 0.012| 1.460 | 0.228

BaKa 0.2|0.600{-0.100/0.143|2.450{0.015{0.086| -0.699 |0.669|-1.282| 1.833 |0.078|4.048| 0.021]| 1.399 | 0.238

DaKa 0.2|0,700{-0.200(0.153|2.040{0.024,0.114| -1.307 |0.747| -2.564 | 1.962 |0.078|3.258; 0.031} 1.307 | 0.219

DaKa 0.2|0:500/ 0.000 | 0.154|2.040|0.02410.074] 0.000 |0.483| 0.000 | 1.974 |0.078(3.248{ 0.031] 1.299 | 0.308

DaKa 0.2|0:600{-0.100|0.155|2.040{0.024{0.112| -0.645 |0.722| -1.282 | 1.987 |0.078(3.237; 0.031| 1.290 | 0.258

DaKa 0.2]|0.700{-0.200|0.157|2.450|0.017]0.122| -1.274 |0.779|-2.564 | 2.013 |0.078(3.863| 0.021| 1.274 | 0.224

DaKa 0.2{0.600(-0.100/0.158|2.860|0.012{0.117| -0.633 | 0.738]-1.282| 2.026 |0.078;4.495| 0.016| 1.266 ! 0.263

DaKa 0.2{0.600/-0.100|0.158|2.450/0.017(0.116| -0.633 |0.735;-1.282| 2.026 |0.078/3.851 0.021| 1.266 | 0.263

DaKa 0.210.500{ 0.000 [0.160|2.860({0.013(0.091{ 0.000 {0.570; 0.000 | 2.051 10.078{4.467| 0.016] 1.250| 0.320

DaKa 0.2|0.500/ 0.000 | 0.161|2.450|0.017(0.081| 0.000 {0.506; 0.000 | 2.064 {0.078|3.815] 0.021/ 1.242| 0.322

DaKa 0.2/0.500| 0.000 [0.164/3.270|0.010|0.091| 0.000 |0.562| 0.000 | 2.103 {0.078(5.045| 0.012]| 1.220| 0.328

DaKa 0.2|0.700(-0.200/0.16513.270|0.010/0.133| -1.212 | 0.807|-2.564 | 2.115 |0.078|5.028| 0.012] 1.212} 0.236

DaKa 0.210.700)-0.200{0.168{2.860/0.013]0.133| -1.183 |0.786| -2.564 | 2.167 |0.078/4.346| 0.015| 1.183 | 0.241

DakKa 0.2|0.600(-0.100{0.17613.270/0.01110.131| -0.568 |0.745|-1.282| 2.256 |0.078{4.870 0.012] 1.136 | 0.293

DaKa 0.2/0.600|-0.100{0.187|2.450,0.020/0.147} -0.535 [0.784|-1.282| 2.397 (0.078{3.540| 0.021} 1.070| 0.312

DaKa 0.210.500( 0.000|0.188|2.450|0.020|0.098] 0.000 10.522| 0.000 ; 2.410 |0.078|3.530] 0.021| 1.084 | 0.376

DaKa 0.210.500/ 0.000|0.189|3.270/0.011|0.109| 0.000 {0.575| 0.000 | 2.423 ;0.078|4.699| 0.012| 1.058 ; 0.378

DaKa 0.2|0.500) 0.000 |0.192)|2.860(0.015[0.115| 0.000 {0.598| 0.000 | 2.462 [0.078[4.078| 0.016] 1.042; 0.384

DaKa 0.2|0.700{-0.200|0.196|2.450|0.021| 0.159| -1.020 | 0.809|-2.564 | 2.513 |0.07813.457| 0.021| 1.020| 0.280

DaKa 0.2]0.7004-0.200|0.205)3.270/0.012|0.164| -0.976 | 0.800|-2.564 | 2.628 |0.078:;4.512| 0.012| 0.976 | 0.293

DaKa 0.2]|0.600(-0.100,0.210{3.270/0.013/0.155| -0.476 | 0.736)-1.282 | 2.692 [0.078{4.458| 0.012) 0.952 | 0.350

DaKa 0.2/0.600(-0.100{0.2122.860|0.017(0.158| -0.472 |0.752; -1.282| 2.718 ;0.078|3.881] 0.016; 0.943 | 0.353

DaKa 0.210.700(-0.200{ 0.225|2.860)0.018/0.189) -0.889 {0.841,-2.564 | 2.885 [0.078|3.767| 0.016| 0.889 | 0.321

Data of Daemrich & Kahle {(1985) B=0.20 m Table A2.3b



Test b Rec | Hsi | Tp | sop | Hst | Re/Hsi| Kt | Re/Dn|Hs/Dn| Dn ir | BfLo | BfHsi | Hsith
m m m s - m - - - - m - -

[Daka 1.0]0.700]-0.200] 0.024]1.230/0.010]0.021] -8.333 | 0.855| -2.554| 0.307 |0.078)4.960] 0.424| 41.67| 0,034
Daka 1.0{0.700|-0.200/0.041[1.630/0.010/0.029( -4.878 |0.706|-2.554 | 0.524 |0.078:5.029| 0.241| 24.39! 0.059
Daka 1.0]0.600/-0.100]0.024/1.230{0.010(0.016| -4.167 {0.646|-1.277| 0.307 |0.078/4.960| 0.424| 41.67! 0.040
Daka 1.0|0.700|-0.200,0.055(1.230|0.023|0.044 -3.636 10.800/-2.5654 | 0.702 |0.078{3.277|0.424| 18,18 0.079
Daka 1.0(0.700|-0.200,0.074[1.630|0.018/0.050( -2.703 | 0.671|-2.554 | 0.945 10.078:3.744,0.241| 13.51| 0.106
Daka 1.0|0.700(-0.200|0.097|2.040|0.015{0.062| -2.062 {0.635[-2.554| 1.238 [0.078|4.092 0.154| 10.31| 0.139
Daka 1.0|0.700(-0.200{0.097| 2.86 | 0.008]0.061| -2.062 |0.632(-2.554| 1.239 {0.078,5.737/0.078| 10.31| 0.139
Daka 1.0|0.500| 0.000{0.023/1.230{0.010/0.006] 0.000 |0.251| 0.000 | 0.294 {0.078!5.067[0.424 | 43.48| 0.046
Daka 1.0{0.500] 0.0000.040;1.630/0.010/0.008| 0.000 (0.209| 0.000 | 0.511 10.07815.092,0.241| 25.00| 0.080
Daka 1.0{0.500{ 0.000|0.051!1.230{0.022/0.008| 0.000 |0.161| 0.000 | 0.651 {0.078.3.40310.424| 19.61| 0.102
Daka 1.00.600|-0.100{0.055]1.230|0.023|0.035| -1.818 |0.632|-1.277| 0.702 {0.078:3.277| 0.424 ' 18.18| 0.092
Daka 1.0/0.500{ 0.000/0.070{1.630|0.017/0.010| 0.000 |0.138| 0.000 | 0.894 [0.078/3.849{0.241| 14.29| 0.140
Daka 1.0|0.600(-0.100;0.071:1.630|0.017|0.039| -1.408 |0.554|-1.277| 0.907 [0.078:3.822| 0.241| 14.08{ 0.118
Daka 1.0/0.500! 0.000{0.095{2.040|0.015|0.016| 0.000 {0.166| 0.000 | 1.213 [0.07814.135{ 0.154| 10.53| 0.190
Daka 1.0/0.500; 0.000 | 0.095(2.860|0.007|0.026| 0.000 |0.276| 0.000 | 1.213 {0.078/5.797{0.078| 10.53| 0.190
Daka 1.010.500 0.000 0.097(1.630!0.023|0.014| 0.000 {0.149| 0.000 | 1.239 |0.078/3.270; 0.241 10.31]| 0.194
Daka 1.010.600:-0.100{0.098|2.040; 0.015|0.048| -1.020 |0.485|-1.277| 1.252 [0.078;4.071; 0.154 10.20| 0.163
Daka 1.010.600i-0.100/0.099]1.630| 0.024|0.054| -1.010 |0.549|-1.277| 1.264 [0.078/3.237; 0.241 10.10| 0.165
Daka 1.010.700;-0.200,0.104[1.6301 0.025| 0.069| -1.923 |0.662| -2.554| 1.328 (0.078/3.158{0.241| 9.62| 0.149
Daka 1.010.500; 0.000/0.115(2.450:0.012|0.032| 0.000 |0.276]| 0.000 | 1.469 (0.078:4.514; 0.107] 8.70| 0.230
Daka 1.0:0.600!-0.100/0.116/2.45010.012)| 0.061| -0.862 {0.529|-1.277 | 1.481 |0.078/4.494| 0.107: 8.62| 0.193
Daka 1.010.700i-0.200|0.118/2.450: 0.013| 0.076| -1.695 |{0.641|-2.554| 1.507 |0.07814.456| 0.107: 8.47| 0.169
Daka 1.010.500/ 0.00010.124/2.040/0.019|0.027| 0.000 {0.218| 0.000 | 1.584 |0.078|3.619|0.154] 8.06| 0.248
Daka 1.0/0.500; 0.000,0.125[3.270;0.007| 0.041| 0.000 {0.324| 0.000 | 1.596 i0.078|5.778/| 0.080( 8.00| 0.250
Daka 1.010.600(-0.100{0.128/2.040{0.020| 0.067| -0.781 |0.520|-1.277 | 1.635 {0.078|3.562|0.154| 7.81| 0.213
Daka 1.010.600(-0.100)0.129/3.270{0.008)| 0.075| -0.775 |0.582| -1.277 | 1.648 |0.078|5.688{0.060| 7.75! 0.215
Daka 1.0(0.700|-0.200{0.130| 2.86 {0.010/0.086| -1.538 |0.658|-2.554| 1.660 [0.078|4.956{0.078| 7.69] 0.186
Daka 1.0|0.700(-0.200{0.130] 3.27 |0.008)| 0.087| -1.538 |0.669|-2.554| 1.660 |0.078|5666|0.060| 7.69: 0.188
Daka 1.0(0.500( 0.000 | 0.151,2.040)0.023) 0.039| 0.000 |0.260| 0.000 | 1.928 |0.078/3.280{0.154| 6.62i 0.302
Daka 1.0|0.700(-0.200|0.15812.040)0.024|0.131| -1.266 |0.830] -2.554| 2.018 |0.078]3.206,0.154| 6.33{ 0.226
Daka 1.0(0.600|-0.100|0.158; 2.040|0.024|0.088] -0.633 |0.666: -1.277| 2.018 |0.078/3.206| 0.154| 6.33| 0.263
Daka 1.0|0.600(-0.100/0.160]|2.450|0.0170.093| -0.625 |0.582|-1.277 | 2.043 |0.078{3.827|0.107| 6.25| 0.267
Daka 1.0|0.600(-0.100/0.160|2.860|0.013|0.097| -0.625 {0.608|-1.277| 2.043 |0.078|4.467|0.078| 6.25| 0.267
Daka 1.0|0.700(-0.200(0.161| 2.86 |0.013]|0.113] -1.242 |0.703|-2.554 | 2.056 |0.078|4.453|0.078| 6.21| 0.230
Daka 1.0|0.700]-0.200{0.162|2.450/0.017|0.114| -1.235 |0.703|-2.554] 2.069 (0.078|3.803]/ 0.107| &.17| 0.231
Daka 1.0|0.600{-0.100/0.171]3.270{0.010]/0.110| -0.585 |0.641|-1.277{ 2.184 |0.078{4.940(0.060! 5.85| 0.285
Daka 1.0|0.700{-0.2000.173| 3.27 |0.010/0.123} -1.156 |0.713|-2.554 | 2.209 |0.078|4.912|0.080| 5.78] 0.247
Daka 1.0{0.500)| 0.0000.182/3.270|0.011/0.070; 0.000 {0.386| 0.000 | 2.324 |0.078|4.788|0.060| 5.48, 0.364
Daka 1.0|0.500| 0.000 0.186|2.860/0.015]0.078| 0.000 {0.418| 0.000 | 2.375 [0.078(4.143]0.078| 5.38| 0.372
Daka 1.0{0.600|-0.100/0.197)2.450;0.021]|0.125| -0.508 [0.634|-1.277| 2.516 (0.078{3.449,0.107| 5.08| 0.328
Daka 1.0|0.700,-0.200|0.205|2.450| 0.022| 0.153| -0.976 |0.745| -2.554 | 2.618 |0.078/3.381|0.107| 4.88| 0.293
Daka 1.010.600{-0.100/0.216]2.860|0.017|0.142| -0.463 10.658; -1.277 | 2.759 |0.078]3.845/0.078| 4.63] 0.360
Daka 1.0;0.700|-0.200|0.217] 3.27 [0.013|0.159| -0.922 10.731|-2.654| 2.771 |0.078(4.386| 0.060| 4.61| 0.310
Daka 1.0/0.700(-0.200/0.218] 2.86 |0.017]|0.162| -0.917 |0.745|-2.554 | 2.784 |0.078/3.827: 0.078| 4.59]| 0.311

Data of Daemrich & Kahle {1985 B=10m Tahla A2 e



Test h Rc Hs Tp | sop Ht |Rc/Hs| Kt |Re/DnS0 | Hsi/Dn50|Dn50| Ir | B/lLo | B/Hsi| Hsith

m m s - m - - - - m - - - -

PoAL-2 0.439]-0.141/0.184| 2.160) 0.025| 0.139| -0.7670.755| -1.854 2.41610.076|4.198| 0.019)| 0.741| 0.418

PoAL-2 0.439(-0.141/0.117| 1.640| 0.028| 0.094| -1.202| 0.802| -1.854 1.543|0.076] 3.989, 0.032) 1.160] 0.267

PoAL-2 0.288| 0.000({0.115| 1.640)|0.027| 0.060] 0.000|0.520 0.000 1.507|0.076|4.037/0.032| 1.187] 0.384

PoAL-2 0.219| 0.079:0.118/ 1.640|0.028| 0.030| 0.665|0.254 1.035 1.555/0.076] 3.974/0.032] 1.151] 0.540

PoAl-3 0.439]-0.14110.18412.160{0.025| 0.139|-0.767,0.765| -1.566 2.0400.090]4.198| 0.009{ 0.370, 0.418

PoAl-3 0.439/-0.141/0.117; 1.640{0.028| 0.101|-1.202| 0.864| -1.566 1.303|0.060| 3.989 0.016] 0.580 0.267

PoAl-3 0.298] 0.000| 0.115|1.640|0.027|0.084| 0.000]0.556 0.000 1.27310.090|4.037| 0.016,0.584] 0.384

PoAl-3 0.219] 0,078/ 0.118)1.640)0.028| 0.039| 0.665)|0.327 0.874 1.313]0.090) 3.974 0.016) 0.575! 0.540

PoAl-4 0.439(-0.141)0.184]2.160) 0.025! 0.134| -0.767| 0.730| -1.854 2.416)0.076|2.099| 0.019)0.741(0.418

PoAl-4 0.439|-0.141| 0.117| 1.640; 0.028/ 0.103!-1.202{ 0.876| -1.854 1.543]0.076| 1.995| 0.032| 1.160| 0.267

PoAl-4 0.298| 0.000|0.115| 1.640{0.027|0.059; 0.000,0.512 0.000 1.507/0.076! 2.018; 0.032| 1.187| 0.384

PoAl-4 0.218] 0.079|0.118| 1.640]0.028| 0.028 0.6650.235 1.035 1.555}0.076) 1.987; 0.032] 1.151| 0.540

PoAl-5 0.439|-0.186)|0.184| 2.160; 0.025[0.142; -1.015{0.775] -2.452 2.416/0.076]| 4.199;0.028|1.111| 0.418
PoAl-5 0.439|-0.186)| 0.117] 1.640;0.028( 0.100[-1.588| 0.857] -2.452 1.5430.076, 3.989| 0.049, 1.740, 0.267

PoAl-5 0.298)-0.045] 0.115] 1.640| 0.027| 0.068(-0.397|0.595; -0.598 1.507| 0.076 4.037] 0.049( 1.781/ 0.384
PoAl-5 0.219| 0.033| 0.118; 1.640|0.028] 0.042| 0.281)|0.358 0.437 1.555|0.076| 3.974| 0.049| 1.726 0.540

PoAl-5final | 0.439|-0.186; 0.143!1.860| 0.027]0.122|-1.302| 0.851] -2.452 1.884| 0.076| 4.095)| 0.038 1.425; 0.326
PoAl-5final | 0.439}-0.186} 0.222| 2.300| 0.027| (.164| -0.838| 0.738| -2.452 2.925(0.0761 4.064)| 0.025| 0.918 0.506
PoAl-5finat | 0.438}-0.186]0.197|2.160{0.027| 0.152| -0.945/0.770| -2.452 2.596| 0.076: 4.051| 0.028] 1.034] 0.449
PoAl-5finat | 0.403;-0.15010.151|1.8600.028)| 0.123:-0.094/0.813| -1.974 1.986| 0.076) 3.988| 0.038) 1.352{ 0.374
PoAl-5final | 0.298|-0.045| 0.147] 1.860| 0.027) 0.092|-0.309/0.627| -0.598 1.938| 0.07614.037) 0.038) 1.385| 0.494

PoAl-6 10.439|-0.232| 0.184| 2.160( 0.025{ 0.152| -1.262{0.828| -3.050 2.416)|0.076:4.189]0.024| 0.969| 0.418
PoAl-6 -10.439(-0.232| 0.117| 1.640| 0.028/ 0.105|-1.977,0.891| -3.050 1.543| 0.076} 3.989) 0.042) 1.518| 0.267
PoAl-6 |0.298|-0.091|0.115| 1.640| 0.027] 0.078|-0.794/0.679| -1.196 1.507| 0.076]4.037)| 0.042| 1.554| 0.384
PoAl-6 10.219(-0.012{0.118] 1.640| 0.028{ 0.049| -0.104| 0.412| -0.151 1.555|0.076 3.974)| 0.042| 1.506| 0.540

PoAl-7 0.439|-0.277|0.184,2.160| 0.025| 0.161|-1.510/0.879| -3.648 2.416(0.076;4.189)|0.020/ 0.773| 0.418
PoAl-7 -0.439|-0.277(0.117] 1.640(0.028| 0.111] -2.364| 0.946| -3.648 1.543|0.0761 3.989)| 0.034| 1.211| 0.267
PoAl-7 0.298(-0.136] 0.115] 1.640| 0.027) 0.093(-1.190, 0.813] -1.794 1.507)| 0.076{ 4.037{ 0.034/ 1.240| 0.384
PoAl-7 10.219|-0.058(0.118| 1.640( 0.028] 0.075) -0.488| 0.631| -0.760 1.555(0.076: 3.974; 0.034| 1.202) 0.540

PoAl-8 0.403|-0.150| 0.095| 1.390{ 0.031| 0.082}-1.587/C.870| -1.974 1.24410.076| 3.766| 0.106) 3.363[ 0.235
PoAl-8 0.439/-0.186|0.092) 1.390) 0.031)| 0.090{-2.020| 0.980] -2.452 1.214{0.076] 3.812]| 0.106, 3.446| 0.210
PoAl-8 0.298|-0.045) 0.091 1.390] 0.030| 0.050| -0.500| 0.545; -0.598 1.196/0.076] 3.840] 0.106; 3.498!0.305
PoAl-8 0.219| 0.033|0.090)1.390;0.030) 0.027| 0.367(0.302] 0.437 1.190| 0.076| 3.850| 0.106; 3.516, 0.413
PoAl-8 0.403|-0.150|0.120| 1.640| 0.029) 0.092| -1.245/0.766| -1.974 1.585| 0.076] 3.936| 0.076( 2.640] 0.299
PcAl-§ 0.403|-0.150|0.154| 1.860| 0.029{0.107(-0.973,;0.693| -1.974 2.028)0.076| 3.947| 0.059| 2.064 0.382
PoAl-8 0.219] 0.033{0.118; 1.640)| 0.028] 0.040; 0.261:0.338 0.437 1.55510.076)| 3.974| 0.076)| 2.691| 0.540
PoAl-8 0.298{-0.045|0.151]1.860;0.028| 0.073{ -0.301{ 0.482| -0.598 1.986] 0.076 3.888) 0.058| 2.107| 0.506
PoAl-8 0.439|-0.186|0.117| 1.640; 0.028| 0.098| -1.589| 0.837 -2.452 1.543|0.076; 3.989; 0.076| 2.712| 0.267
PoAl-8 0.403|-0.150) 0.203| 2.160, 0.028{0.132)| -0.738| 0.648| -1.973 2.673[0.076] 3.992: 0.044| 1.565]0.504
PoAl-8 0.439{-0.186/ 0.150} 1.860| 0.028{ 0.112| -1.239/0.743| -2.453 1.980| 0.076] 3.995/ 0.050( 2.114| 0.343
PoAl-8 0.298|-0.045/0.115| 1.640( 0.027] 0.061; -0.397/0.536| -0.598 1.507|0.076)|4.037( 0.076|2.776| 0.384
PoAl-B 0.439!-0.186{0.184 2.160| 0.025| 0.134|-1.015/0.728]| -2.452 2.416/0.076/4.189/ 0.044  1.732: 0.418

Data of Powell & Alisop (1985) Table A2.4



Test] h Rc |[Hmoi| Tp | sop | Hst | Re/Hmoi| Kt | Re/Dn50 | Hsi/Dn50 |Dn50| Ir | BfLo | B/Hsi | Msifh
- - - - m - - - -
Meer |0.400] 0.003]0.075|2.530|0.008|0.032|  0.040|0.424] G.087 2.180/0.034|5.772| 0.030] 3.087, 0.188

Meer |0.400| 0.128|0.076|2.500(0.008|0.007 1.684|0.087 3.721 2.209/0.034:5.666| 0.031| 3.934; 0.190

Meer |0.400{-0.088|0.099|2.560/0.010/0.080; -0.888!0.810| -2.558 2.878/0.034|5.083] 0.028| 3.020| 0.248
Meer |0.400! 0.007|0.10012.560|0.010|0.044 0.070{0.442 0.203 2.907/0.034|5.058| 0.029| 2.990| 0.250

Meer |0.400) 0.123]0.100|2.560|0.010|0.008 1.230{0.078 3.576 2.907/0.034|5.068] 0.029| 2.990) 0.280
Meer 10.400, 0.132/0.119]/2.600,0.011/0.010 1.109/0.082 3.837 3.45010.034/4.709| 0.028] 2.513| 0.298

Meer [0.400] 0.011|0.118]2.560|0.012|0.054 0.093)0.458 0.320 3.430/0.034|4.656| 0.029| 2.534| 0.285
Meer |0.400{-0.080|0.118|2.560{0.012]0.091] -0.763/0.770| -2.616 3.430|0.0344.656| 0.028| 2.534| 0.295
Meer |0.400] 0.13110.127:2.5660,0.012/0.012 1.031,0.093 3.808 3.602|0.034|4.488| 0.029| 2.354| 0.318
Meer |0.400} 0.128:0.140/2.600/0.013,0.015 0.914/0.106 3.721 4.070)|0.034|4.341| 0.028| 2.136; 0.350
Meer |0.400| 0.014(0.137{2.660,0.013|0.064 0.102|0.464 0.407 3.983|0.034/4.321| 0.029| 2.182| 0.343
Meer |0.400| 0.014[0.082|1.960|0.014|0.031 0.171/0.378 0.407 2.384|0.034|4.276| 0.050| 3.646/ 0.205
Meer 10.400(-0.090/0.137|2.530/0.014/0.101| -0.657/0.Y37| -2.616 3.983/0.034)4.270| 0.030| 2.182; 0.343
Meer [0.400¢ 0.125/0.081|1.940/0.014!0.005 1.543]0.058 3.634 2.355|0.03414.259| 0.051| 3.691] 0.203
Meer 10.400] 0.000{0.151|2.560|0.015|0.075 0.000(0.497 0.000 4.390|0.034|4.116] 0.029| 1.980{ 0.378
Meer |0.400; 0.000{0.171{2.560{0.01710.078 0.000(0.459 0.000 4.97110.034|3.8681 0.029] 1.748| 0.428
Meer [0.400; 0.006|0.101}1.860|0.017|0.038 0.059|0.375 0.174 2.936{0.034(3.853| 0.050} 2.960! 0.253
Meer |0.400| 0.126(0.102(1.860(0.017|0.005 1.235|0.050 3.663 2.965(0.034|3.834; 0.050] 2.931] 0.255
Meer |0.400|-0.085(/0.192(2.600({0.018|0.127] -0.485/0.660| -2.762 5.581(0.034!3.707] 0.028| 1.557 0.480
Meer |0.4001-0.094:0.112(1.860:0.018;0.083; -0.839:0.737| -2.733 3.256(0.034,3.659| 0.050| 2.670; 0.280
Meer {0.400| 0.006:0.12111.960[0.020:0.047 0.050:0.380 0.174 3.617/0.03413.520) 0.050| 2.471| 0.303
Meer {0.400| 0.125;0.122]1.940{0.021]0.006 1.02510.052 3.634 3.547)0.034i3.470; 0.081| 2.451} 0.305
Meer {0.400] 0.003,0.139:1.980|0.023|0.056 0.02210.401 0.087 4.041)10.034.3.318( 0.049| 2.151] 0.348
Meer | 0.400{-0.088]0.141]1.960(0.024|0.096( -0.624/0.682| -2.558 4.088|0.03413.261| 0.050| 2.121] 0.353
Meer |0.400] 0.126(0.142/1.940(0.024|0.009 0.8870.060 3.663 4.128)10.034:3.216| 0.051| 2.106] 0.355
Meer {0.4001-0.092(0.157(1.940(0.027|0.104| -0.586!0.664| -2.674 4.564(0.034:3.069| 0.051] 1.904[ 0.393
Meer {0.400]-0.087(0.166(1.980(0.027|0.113] -0.524:0.678| -2.528 4.826)0.034:3.036! 0.049) 1.801| 0.415
Meer |0.400|-0.092|0.1671.960(0.028|0.106] -0.551/0.635| -2.674 4.855)|0.034;2.996| 0.050| 1.790( 0.418
Meer | 0.400| 0.005|0.170|1.9600.028|0.069 0.029:0.407 0.145 4.942)10.034:2.970( 0.050| 1.758( 0.425
Meer | 0.400|-0.095/0.19911.940(0.034|0.113|  -0.477{0.667| -2.762 5.78510.034:12.717| 0.051] 1.503| 0.498

Data of Van de Meer (1988) Table A2.5



Test h Rec {Hmoi Tp i sop! Hmet{ RefHmoi Kt |Rc/Dn50 | Hmoi/Dn50 D50 Ir BfLo | BfHsi | Hs/h

m m m s - m - - - - m - - - -

Daemen ;0.453| 0.010]0.032/0.990] 0.021| 0.005 0.313/0.148 0.250 0.800/ 0.040] 4.610] 0.222]10.625] 0.071]
Daemen |0.433| 0.030]0.052{1.317|0.018| 0.010 0.577|0.189 0.750 1.272/0.040, 4.810] 0.128| 8.538] 0.120
Daemen [0.453| 0.010;0.060{1.410|0.019]{ 0.018 0.167]0.258 0.250 1.472;0.040f 4.795| 0.110} 5.667] 0132
Daemen |0.433| 0.030; 0.060(0.980]0.040| 0.006 0.500:0.108 0.750 1.472{0.040), 3.333| 0.227| 5667 0.139
Daemen |0.453| 0.010] 0.061,0.890| 0.040| 0.012 0.164|0.189 0.250 1.497|0.040| 3.339| 0.222, 5574| 0.135
Daemen |0.503|-0.040|0.061|1.394} 0.020{ 0.038 -0.652|0.628 -1.000 1.505/0.040; 4.690} 0.112] 5543 0.122
Daemen |0.503{-0.040|0.064}0.990| 0.042| 0.032 -0.625)0.500 0.000 1.572/0.040] 3.260| 0.222] 5313, 0.127
Daemen |0.433! 0.030| 0.067|1.446|0.021; 0.013 0.446| 0193 0.750 1.855/0.040| 4.642! 0.104| 5.050| 0156
Daemen |0.503]-0.040| 0.083|1.549) 0.022] 0.048 -0.484 0.581 -1.000 2.087|0.040) 4.48B8 0.091| 4.113} 0.164
Daemen 0.453| 0.010! 0.088]1.740:0.019; 0.030 0.114|0.341 0.250 2.200(0.040! 4.885 0.072| 3.864] 0.194

Daemen |0.413| 0.050,0.088/1.740|0.018( 0.016 0.568;0.182 1.222 2.200/0.040| 4.886] 0.072| 3.864| 0.213

Daemen |0.433] 0.030| 0.089(1.575|0.023| 0.022 0.338,0.248 0.750 2.21710.040( 4406, 0.088] 3.835| 0.205

Daemen |0.433] 0.030{0.096|1.704/0.021, 0.028 0.313]0.292 0.780 2.400/0.040| 4.582| 0.075| 3.542| 0.222

Daemen |0.503(-0.040; 0.103|1.833/ 0.020| 0.059 -0.380/0.575| -1.000 2567,0.040| 4.766; 0.065| 3.312| 0.204

Daemen ;0.433 0.030(0.112(1.859! 0.021! 0.038 0.268|0.339 0.750 2.800/0.040| 4.627) 0.063| 3.036| 0.259

Daemen |0.503;-0.040/0.114/1.859| 0.021{ 0.063 -0.35110.548| -1.000 2.850(0.040; 4.587| 0.063| 2982 0227

Daemen |{0.433| 0.030{0.115]1.440. 0.036; 0.026 0.261)|0.222 0.750 2.875{0.040| 3.537| 0.105) 2857 0.266
Daemen |0.503|-0.040]0.117/1.440|0.036| 0.053 -0.342| 0.453 0.000 2.925/0.040( 3.507] 0.105] 2.806] 0.233
Daesmen |0.503|-0.040: 0.117|1.440/0.036| 0.053 -0.342|0.453 0.000 2.925{0.040; 3.507| 0.105| 2.906] 0.233
Daemen |0.413]| 0.050]|0.117(2.050|0.018] 0.028 0.42710.235 1.222 2025|0040 4.992| 0.052| 2.906| 0.283
Daemen ;0.413| 0.050(0.117(1.460, 0.035| 0.017 0.427:0.145 1.222 2925/0.040; 3.556| 0.102| 2.806: 0.283
Daemen |0.453| 0.010|0.118/2.050 0.018| 0.043 0.085|0.364 0.2560 2860(0.040! 4.971] 0.052 2.881| 0.260

Daemen |0.453| 0.010{ 0.118/1.460( 0.035| 0.037 0.085)0.309 0.250 2.950,0.040| 3.541| 0.102| 2.881; 0.260
Daemen | 0.503!-0.040( 0.119(1.460: 0.036; 0.055 -0.336|0.458 0.00C 297510.040| 3.526| 0.102! 2.857] 0.237
Daemen - | 0.5031-0.040( 0.135{1.988: 0.022! 0.072 -0.286/0.528] -1.000 3.383/0.040| 4.502| 0.055| 2.512{ 0.269
Daemen |0.413! 0.050| 0.141:2.280: 0.017| 0.038 0.355|0.266 1.222 3.526:0.040| 5.058| 0.042( 2.411] 0.341
Daemen 10.433| 0.030: 0.143:2.280|0.018; 0.048 0.210,0.332 0.750 3.575/0.040| 5.023| 0.042] 2.378; 0.330
Daemen {0.413| 0.050; 0.143,2.880(0.011| 0.039 0.350{0.273 1.222 3.575/0.040| &.344| 0.026| 2378 0.348
Daemen |0;453| 0.010] 0.148(2.280| 0.018| 0.057 0.068{0.385 0.250 3.700|0.040| 4.237) 0.042| 2.297; 0.327
Daemen |0.367| 0.096;0.131/2.880|0.010[ 0.017 0.733|0.13C 2.400 3.275|0.040| 6.628) 0.026! 2.585: 0.357
Dasmen |0:413| 0.050|0.061/0.980| 0.040| 0.005 0.820) 0.084 1.222 1.497(0.040 3.339| 0.222| 5574, 0.148
Daemen [0:413| 0.050(0.060/1.440(0.018| 0.010 0.847/0.164 1.222 1.447(0.040! 4.938( 0.105] 5763 0.143
Dasmen [0:367! 0.096|0.110(1.440|0.034| 0.010 0.873/0.086 2.400 2.750/0.040) 3.617| 0.105; 3.081; 0.300
Daemen [0.367! 0.096(0.109(1.859| 0.020| 0.014 0.878/0.128 2.400 2.733|0.040| 4.683) 0.063| 3.110; 0.298
Dasmen {0.433| 0.030(0.032(0.980/ 0.021| 0.004 0.938/0.130 0.750 0.800|0.040| 4.564| 0.227|10.625, 0.074
Daemen [0.367| 0.096(0.093(1.704/0.020{ 0.012 1.036|0.124 2.400 2.317/0.040| 4.663| 0.075) 3.669| 0.252
Daemen |0.367| 0.096| 0.08711.575)0.023] 0.010 1.099|0.118 2.400 2183)0.040)| 4.440) 0.088| 3.893) 0.238

Daemen |0.367| 0.096] 0.067{1.436|0.021] 0.0089 1.440(0.131 2,400 1.630]0.040| 4.632| 0.108| 5100] 0.182
Daemen |0.413! 0.050{0.033/1.010| 0.021] 0.004 1.515|0.117 1.222 0.825/0.040| 4.631| 0.214/10.303( 0.080
Daemen |0.367; 0.096!0.058/1.010/ 0.036] 0.003 1.655(0.048 2.400 1.422:0.040( 3.493] 0.214]| 5.862( 0.158
Daemen |0.367| 0.096]0.051{1.317,0.019] 0C.007 1.895(0.133 2.400 1.239:0.040( 4873 0.126| 6,711 0.138

Daemen |0.267| 0.186] 0.1031.820| 0.020] 0.011% 1.909|0.107 4.800 2567:0.040) 4.732| 0.066| 3.312| 0.385
Daemen |0.267| 0.1960.093)1.704/0.020] 0.010 2.115|0.107 4.900 2.31710.040, 4.663| 0.075| 3.6638] 0.347
Daemen |0.267| 0.196| 0.086| 1.575/0.622] 0.009 2.279/0.105 45800 = 2150;0.040| 4.474] 0.088| 3.953] 0.322
Daemen |0.367| 0.096(0.033|/0.880(0.022| 0.002 2.908|0.084 2400 0.82510.040| 4540/ 0.222/10.303] 0.090

Daemen |0.267| 0.196|0.085|1.461| 0.019| 0.008 3.031|10.117 4.800 1.68910.040! 4.787| 0.102| 5.258| 0.242
Daemen |0.267| 0.196(0.049)1.291|0.019| 0.006 4.027|0.118 4.800 1.18910.040! 4.875| 0.131| 6.986| 0.182
Daemen |0.473|-0.010{0.083|1.575(0.022] 0.040 0.120(0.474] -0.161 1.338/0.061] 4.545| 0.088;, 4.080| 0.176
Daemen |0.473|-0.010/0.1151.820| 0.022| 0.056 0.087/0.488 -0.161 1.823(0.061: 4.478| 0.086; 2.965| 0.242

Daemen |0.503/-0.040/0.119)1.859| 0.022| 0.067 0.337]0.5685| -0.658 1.889(0.081] 4.485| 0.083] 2.865] 0.236
Daemen |0.503|-0.040|0.126/1.911|0.022| 0.071 -0.317/0.560| -0.656 2.066(0.061| 4.484] 0.060] 2.698! 0.250
Daemen |0.520|-0.057|0.127|1.¢11)|0.022| 0.075 -0.450/0.582 -0.934 2077|0061 4.472; 0.060, 2684 0.244
Daemen |0.503]-0.040/0.1181.460| 0.036| 0.055 -0.336)0.458 0.000 2975/0.081| 3.528: 0102 2857 0.237

Data of Daemen (18991) Table A2.6



Test

h

Rc

Hsi

Tp

sop

Hst

RecfHsi

Kt

Rc/Dn

Hsi/Dn

Dn

BlLo

B/Hsi| Hs/h

m

H1872-2d-1.1

15.600

3.950

3.610

8.500

0.026

0,390

1.084

0.108

2.455

2244

1.608

4.134

0.036

1.385;0.231

H1872-2d-1.2

15.600

3.950

4.100

10.600

0.023

0.520

0.963

0.127

2.455

2.548

1.609

4.396

0.028

1.220} 0.263

H1872-2d-1.3

15.600

3.950

4.630

11.100

0.024

0.650

0.853

0.140

2.455

2.878

1.608

4.303

0.026

1.080; 0.297

H1872-2d-1.4

15.600

3.950

5.020

11.800

0.023

0.740

0.787

0.147

2.455

3.120

1.608

4.396

0.023

0.896; 0.322

H1872-2d-1.5

15.600

3.950

5.670

13.100

0.021

1.100

0.697

0.184

2.455

3.524

1.608

4.600

6.019

0.882;0.363

H1872-2d-1.6

12.800

6.750

4.750

11.800

0.022

0.270

1.421

0.057

4.195

2.952

1.609

4.485

0.023

1.053|0.371

H1872-2d-2.1

15.300

4.250

2.560

7.200

0.032

0.160

1.6680

0.063

2.641

1.591

1.609

3.727

0.062

1,953 0.167

H1872-2d-2.2

15.300

4.250

3.280

8.300

0.030

0.240

1.286

0.073

2.641

2.038

1.609

3.849

0.047

1.52410.214

H1872-2d-2.3

15.300

4.250

3.940

9.300

0.029

0.370

1.079

0.094

2841

2.448

1.609

3.915

0.037

1.269] 0.258

Data of H1872 (1993) 2D-tests

Table A2.7a



Test h Rc Hsi Tp sop | Hst |ReMsiy Kt (Re/Dn|HsiDni Dn Ir BfLo | B/Hsi| Hs/h

m m m S - m - - -
H1870-3dL1 | 15.300, 3.950] 3.550] 0.400 | 0.0260.675| 1.113 0.190| 2.428 | 2.182 |1.627|4.156, 0.036] 1.408) 0.232

H1872-3d-.2 [15.300]3.850,4.150|10.300,0.025{0.785 0.952 |0.188] 2.428 | 2.551 [1.627]4.212]0.0301.2051 0.271

H1872-3d-1.3 [15.300(3.950|4.680|10.800;0.026|1.240! 0.844 |0.265|2.428 | 2.877 |1.62714.15910.027|1.068,0.308

H1872-3d-1.4 [15.300(3.950(5.210/11.600|0.025/1.300| 0.758 [0.230)| 2.428 | 3202 | 1.627|4.233]0.024|0.960]0.341

H1872-3d-Il.1  115.300[3.950{3.530| 9.400 |0.026,0.470] 1.119 {0.133| 2.428 | 2.170 | 1.627 | 4.168|0.036| 1.416]0.231

H1872-3d-1.2 {15.300|3.950|4.070/10.300{0.025;0.690| 0.971 |0.170} 2.428 | 2.502 ;1.6274.253|0.030|1.22910.266

H1872-3d-I.L3 [15.300(3.950|4.760/10.800|0.026|0.815| 0.830 |0.192| 2.428 | 2.926 |1.627|4.124|0.027 | 1.050|0.311

H1872-3d-I1.4 |15.300{3.950|5.560(11.600{0.026|1.180| 0.710 {0.212| 2.428 | 3.417 |1.627|4.098)|0.024:0.899 0.363

H1872-3d-1.5 |12.50016.750(|5.430:11.500| 0.026|0.330| 1.243 | 0.061]| 4.149 | 3.338 |1.627]4.111|0.024,0.921/0.434

H1872-3d-Il.6 |15.300{3.950{6.260]13.000!0.024|1.575]| 0.631 |0.252| 2.428 | 3.848 |1.62714.328/0.0190.799 0.409

H1872-3d-Il.4 [15.300]35.950(2.390] 5.500 10.024|{0.415; 1.165 10.122] 2.428 | 2.084 |1.627{4.208/0.036|1.475{0.222

H1872-3d-11.2 {15.300]3.950(4.030(10.400{0.024|0.585| 0.980 |0.145| 2.428 | 2.477 |1.62714.316|0.030|1.241|0.263

H1872-3d-11.3 |15.300(3.950{4.610]11.000(0.024|0.775| 0.857 |0.168| 2.428 | 2.834 |1.6274.268|0.026|1.085|0.301

Hi872-34d-I.4 |[15.300]3.950{5.350{11.600[0.025|1.005( 0.738 [0.188] 2.428 | 3.288 [1.62714.178|0.024|0.835|0.350
H1872-3d-1l.5 |12.500{6.750(5.190]|11.500|0.025|0.280{ 1.301 |0.056] 4.149 ] 3.180 | 1.627,4.205|0.024|0.963|0.415

H1872-3d-i.6 [15.300/3.950|6.150/13.000|0.023(1.410} 0.642 | 0.220| 2.428 | 3.780 | 1.627|4.367|0.01910.813|0.402
H1872-3d-1X.1 [15.0004.250]2.450! 7.200 |0.030]0.180| 1.735 |0.073| 2.506 | 1.445 |1.696|3.832;0.062|2.041]0.163

H1872-3d-IX.2 |15.000]4.25012.340( 6.100 {0.040|0.150| 1.816 |0.064| 2.506 | 1.380 | 1.6963.322:0.086)|2.137|0.156

H1872-3d-IX.3 [15.000]/4.2502.910] 7.700 {0.031|0.235| 1.460 | 0.081| 2.506 | 1.716 11.696|3.760,0.054(1.718|0.194
H1872-3d-1X.4 [15.000]4.250(3.250| 8.200 {0.031|0.285! 1.308 | 0.091| 2.506 | 1.917 [1.686/3.789/0.048|1.538|0.217
H1872-3d-IX.5 [15.000/4.250(3.170| 7.400 |0.037|0.235; 1.341 | 0.074[ 2.506 | 1.868 [1.696|3.462!0.059)1.577/0.211
H1872-3d-1X.6 |15.000]4.250(3.860| 9.200 | 0.029]0.495; 1.101 {0.128] 2.506 | 2.276 |1.696)|3.801|0.038] 1.285)|0.257

H1872-3d-IX.7 114.500|4.750{3.010} 7.700 [0.033]0.190| 1.578 :0.063 2.801 | 1.775 | 1.696|3.697 | 0.054( 1.661|0.208

H1872-3d-IX.8 [14.500(4.750(3.280| 8.200 {0.031/0.235| 1.448 |0.072: 2.801 | 1.934 [1.696|3.772)|0.048| 1.524)| 0.226
H1872-3d-VIIL1 | 15.300] 3.950(3.490| 8.400 {0.025|0.500( 1.132 |0.143| 2.329 | 2.058 | 1.696)|4.181)|0.036| 1.433)| 0.228

H1872-3d-VI1.2[15.300, 3.950( 4.120110.600|0.023[0.755| 0.958 |0.183| 2.329 | 2.430 |1.696|4.350)| 0.029/1.214|0.268
H1872-3d-Vill.3|{15.300 3.950! 4.820{ 10.900| 0.026 | 0.895| 0.820 |0.206| 2.320 | 2.842 11.696)|4.136)|0.027,1.037|0.315

H1872-3d-Vill.4[15.300{3.950: 5.340| 11.400|0.026| 1.265| 0.740 |0.237|2.328 | 3.149 {1.696|4.108| 0.025: 0.936| 0.349

H1872-3d-Vill.5[12.500|6.750! 5.380. 11.500(0.026(0.315] 1.255 [0.058| 3.880 | 3.173 | 1.696!4.130| 0.024;0.929|0.430

H1872-3d-VilL.6 | 15.300}3.950:6,000{13.200|0.022| 1.700{ 0.658 | 0.283| 2.329 | 3.538 | 1.696:4.485)0.018:0.833/0.382

Data of H1872 (1993) 3D-tests Table A2.7b



Test h Rc Hsi | Tp | sop | Hst [Rc/Hsi{ Kt [Re/DniHsi/Dn| Dn tir | BfLo | B/Hsi| Hs/h

H2061-147a 0.900,-0.050|0.138| 1.611]0.038 0.081 -0.362| 0.587 | -0.099, 2.758]0.050|3.420 0.049|1.449|0.153

H2061-141k | 0.900{-0.050(0.144|1.648,0.038(0.087, -0.347|0.604 -1.136| 3.271|0.044)3.420)0.047|1.389|0.160

H2061-141s|0.800|-0.050|0.116|1.476]0.038,0.070| -0.431)|0.603 -1.428{ 3.314|0.035/3.376/0.059(1.724|0.129
H2061-142a|0.900|-0.050{0.178{1.823|0.039/0.105] -0.281]0.590(-1.000] 3.561]0.050|3.376/0.039|1.124|0,198
H2061-142k | 0.900|-0.050]0.183|1.838| 0.040:0.109| -0.273|0.596|-1.135| 4.156|0.044|3.333|0.038{1.093{0.203

H2061-142s | 0.900-0.050{ 0.160( 1.739|0.039,0.085| -0.313|0.504|-1.431| 4.579/0.035|3.376|0.042:1.250|0.178
H2061-143a}0.900|-0.050{0.216(2.161|0.034/0.126| -0.231]|0.583{-0.998| 4.311/0.050|3.616:0.027|0.926|0.240
H2061-143k | 0.900|-0.0500.215[2.151|0.034,0.123] -0.233{0.572!-1.139| 4.88610.044|3.616,0.028/0.930|0.239
H2061-143s0.900|-0.050;0.18812.001)|0.037{0.116| -0.253]0.586|-1.431| 5.668)0.035|3.466,0.0321.010|0.220
H2061-144a{0.900|-0.050|0.198|1.96010.038(0.119| -0.25310.601|-1.002| 3.8670.050/3.4200.033/1.010|0.220

H2061-144k | 0.900{-0.0560|0.1571.958| 0.038|0.118| -0.25410.505|-1.137| 4.4810.044|3.420/0.033:1.015]0.218

H2061-144s | 0.900|-0.050/0.144(1.616.0.0400.086| -0.3470.597{-1.428| 4.112|0.035|3.333,0.049]1.389|0.160
H2061-145a|0.900|-0.050|0.228(2.109,0.038{0.133| -0.2190.583|-0.988| 4.554|0.050|3.420|0.029,0.877|0.253
H2061-145k | 0.800;-0.050|0.2272.128|0.038/0.130| -0.220|0.573|-1.135| 5.153|0.044|3.420|0.028/0.881|0.252
H2061-145s | 0.900;-0.050|0.183/1.883|0.038/0.111! -0.273|0.607|-1.427| 5.224)|0.035|3.420|0.036|1.093)|0.203
H2061-146s|0.900|-0.050|0.203|2.038)| 0.036|0.120] -0.246,0.581,-1.427| 5.793|0.035]3.514|0.031.0.985(0.226
H2061-221a(0.900{ 0.000/0.144/2.105{0.022|0.074, 0.000]0.512{ 0.000| 2.880|0.050{4.495/0.028|1.389|0.160

H2061-222a|0.900! 0.000|0.188|2.445/0.021(0.099; 0.000{0.528, 0.000| 3.760|0.05014.600|0.021|1.064:0.209
H2061-223a|0.900} 0.000)0.220(2.881/0.018(0.112| 0.000{0.504] 0.000| 4.400|0.050:4.969|0.015|0.90910.244
H2061-224a| 0.900] 0.000;0.125|1.9440.022;0.065| 0.000|0.522| 0.000 2.500]0.050;{4.495,0.034|1.600:0.139
H2061-225a0.900| 0.000j0.163|2.295|0.029:0.087| 0.000|0.534| 0.000| 3.260]0.050:4.600,0.024|1.227!0.181
H2061-226a0.900| 0.000|0.203{2.671|0.019;0.105| 0.000|0.517| 0.000; 4.060)0.05014.837|0.018|0.985/0.226
H2061-245a0.900| 0.000)|0.172}1.847)|0.037)|0.087| 0.000|0.507| 0.000| 3.440)0.050:3.466|0.038|1.163.0.191
H2061-246a:0.900| 0.000|0.214:2.126|0.035(0.108| 0.000/0.513| 0.000! 4.280|0.050:3.663}0.028|0.935]0.238
H2061-641s | 0.700] 0.200)|0.134{1.690|0.036|0.004| 1.493|0.031| 5.716{ 3.830{0.0353.514/0.045|1.493:0.191
H2061-642s [0.700] 0.200|0.149|1.844|0.035|0.005| 1.342|0.034| 5.713| 4.256)|0.035:3.563]0.038|1.342{0.213
H2061-643s |0.700] 0.200|0.081[1.241]0.039(0.002| 2.469|0.027| 5.714] 2.314[0.035]3.376|0.083|2.469;0.116
H2061-644s [0.700| 0.200{0.107(1.444/0.037|0.003 1.875|0.030| 5.732: 3.067|0.035)|3.466|0.061|1.869:0.153
H2061-645s | 0.7G0| 0.200]0.141)1.701{0.037|0.004; 1.417|0.031| 5.708; 4.024|0.035{3.466|0.044|1.418:0.201
H2061-841h|0.900| 0.200{0.159|1.724{0.037|0.006| 1.258/0.038| 4.000] 3.180|0.050|3.466|0.0431.258{0.177
H2061-842h| 0.900| 0.200|0.182)|1.888{0.036|0.008; 1.089(0.044| 4.000! 3.640|0.050|3.514|0.036(1.099{0.202
H2061-843h| 0.800] 0.20010.217|2.085{0.036)10.018) 0.922/0.083| 4.001} 4.342|0.050|3.514|0.029|0.8220.241

Data of H2061 (1994) Table A2.8



Test h | Re |Hmoil Tp | sop | Hst |RefHmoi| Kt {Re/DnS0|Hsi/Dn50|Dn50| Ir | BiLo | BMHsi | Hsith

mi|m|/ m s - m -] - - - m - - - -

M2080-12]7.50|1.75 2.50] 7.40|0.029|0.34] 0.700]0.136 0.100] 3.400, 0.333
M2080-13|7.50|1.75; 1.40 5.80|0.027|0.05| 1.250|0.036 0.162] 6.071] 0.187
M2090-14|7.50|1.75| 1.38, 7.40/0.016]0.05| 1.268|0.036 0.100] 6.159] 0.184
M2080-15|5.00|4.25| 2.56| 7.60(0.028{0.13| 1.660|0.051 0.094| 3.320] 0.512
M2090-16|7.50|1.25| 1.40| 5.80.0.027|0.07| 0.893]0.050 0.162] 6.071| 0.187
M2080-17[8.00]1.25| 4.20[10.20/0.026]1.35| 0.2980.321 0.052] 2.024| 0.525
M2090-18(7.50|1.75| 2.57| 7.400.030/0.32| 0681.0.125 0.100] 3.307| 0.343

M2080-1a|7.00{2.00| 0.90| 4.800.025 0.08) 222210088 2289 1.034(0.870/3.160/0.083] 3.333] 0.129
M2080-1b{7.00|2.00| 1.48| 6.20,0.025/0.10] 1.351|0.068] 2.289 1.701|0.870,3.183)|0.050} 2.027| 0.211

M2090-1¢|7.00|2.00| 2.10| 7.00|0.027|0.18] 0.952|0.086] 2299 2.414|0.870:3.017|0.039] 1.428) 0.300

M2090-1d{7.0012.00 2.52| 7.30{0.030/0.28] 0.794|0.111 2.289 2.897|0.870,2.872|0.036] 1.190) 0.360

M2080-1e(7.00{2.00; 3.08| 7.90/0.032/0.51; 0649/0.166| 2.2089 3.540/0.87012.811]0.031! 0.874] 0.440

M2080-2a|7.00|2.00} 1.05] 6.70/0.015:0.09. 1.805/0.086| 2.299 1.207/0.870:4.083|0.043; 2.857, 0.150

M2090-2p|7.00/2.00| 1.42} 7.60|0.016/0.16] 1.408|0.113| 2.299 1.63210.870:3.983|0.0331 2.113: 0.203
M2080-2c|7.00/2.00| 2.10| 9.10/0.016|0.30| 0.852|0.143| 2.299 2.414/0.870|3.822|0.023| 1.429| 0.300
M2090-2d|7.00/2.00| 2.38( 9.20|0.018|0.40( 0.840|0.168] 2.299 2736/0.870/3.72410.023| 1.261] 0.340
M2080-2e{7.00|2.00| 2.86|10.1010.018(/0.56| 0699(0.196] 2.209 3.287/0.870[3.730{0.019 1.049| 0.409
M2090-32{5.00|4.00] 1.18| 4.90{0.032|0.03| 3.390|0.025| 4.598 1.356|0.870)|2.817:0.080| 2.542| 0.236

M2090-3b|5.00(4.00] 1.60| 6.10:0.028(0.05| 2.500(0.031| 4.598 1.839|0.870|3.012;0.052| 1.875| 0.320

M2090-3¢|5.00(4.00] 2.20{ 7.00;0.029/{0.08] 1.818]0.036| 4.598 2.529|0.870]|2.9470.038| 1.3684| 0.440
M2090-3d|5.00(4.00| 2.65{ 7.50|0.030|0.08] 1.509{0.034| 4588 3.046|0.870(2.877|0.034| 1.132] 0.530
M2090-3e|5.00/4.00| 3.08| 7.60|0.034(/0.10} 1.29910.032| 4.598 3.540|0.870[{2.704]/0.033] 0.974|0.616
M2090-4a!7.00{2.00| 1.03| 4.90|0.027(0.08] 1.9842/0.087| 2.299 1.184|0.870)|4.02010.080| 2.913| 0.147
M2090-4b17.00{2.00( 1.46| 6.20/0.024|0.13| 1.370{0.089| 2299 1.678|0.870)4.27310.050| 2.055| 0.209
M2090-4¢{7.00{2.00; 2.08| 7.10|0.026(0.21| 0.962)|0.101 2.299 2.381|0.870|4.09910.038| 1.442| 0.297
M2090-4d|7.00|2.00; 2.48| 7.50{0.028(0.28| 0.813|0.118] 2299 2.828(0.870,3.982,0.034| 1.220| 0.351
M2080-4¢(7.00|2.00; 2.80) 7.90{0.020(0.36| 0.714|0.128] 2.209 3.218|0.870[3.931,0.031( 1.071| 0.400
M2080-5a|7.00|1.00{ 1.03| 4.90/0.027|0.16] 0.971[0.155; 1.149 1.184|0.870|3.015/0.080| 2.913| 0.147
M2080-5b17.00|/1.00; 1.46| 6.00;0.026|0.27| 0.685(0.185] 1.149 1.678|0.870|3.101{0.053| 2.055| 0.209
M2080-5¢7.00{1.00} 2.08| 6.90{0.028/047| 0.481(0.226| 1.149 2.391(0.870|2.988:0.040| 1.442| 0.297
M2080-5d17.00/1.00| 246| 7.60/{0.027(/063| 0.407{0.256| 1.149 2.828/0.870(3.026;0.033| 1.220] 0.351
M2080-5e;7.00;1.00] 2.80( 7.90|0.029|0.76| 0.357{0.271 1.149 3.218|0.870(2.948:0.031| 1.071; 0.400
M2090-6a:7.00/2.00| 1.03| 4.80(0.029(0.13| 1.942{0.126| 2.289 1.184/0.870)2.65410.083; 2.813: 0.147
M2080-6b:7.00/2.00| 1.46| 6.20/0.024|0.16| 1.370{0.110] 2290 1.678,0.870)3.204|0.050; 2.055| 0.209
M2080-6ci7.00,2.00| 2.08| 7.00(/0.027(0.25] 0.862:0.120| 2.289 2.391|0.87013.031|0.039| 1.442| 0.297
M2080-6di7.00]2.00; 2.52| 7.50|0.029/0.34] 0.794{0.135] 2299 2.897|0.870/2.950/0.034| 1.190( 0.360
M2080-6e:7.00|2.00| 2.84( 7.90/0.028|0.42] 0.704|0.148] 2.299 3.264|0.870|2.928/0.031| 1.056{ 0.406
M2080-6f 17.00/2.00{ 4.00(10.00/0.026]/1.05] 0.500|0.263] 2.299 4.59810.870)3.122{0.019| 0.750| 0.571

Data of M2090 (1985) Table A2.9



Test| h Rc | Hsi | Tp | sop | Hst |Rc/Hsi| Kt |Rc/Dn|HsifDniDnj Ir | BfLo | B/Hsi| Hs/h
m m m s - m - - - mi - - - -
3101 |0.620] 0.080]0.194 1.840, 0.037, 0.052| 0.412|0.268 1.491;0.038/1.031,0.213
3102 |0.700! 0.000|0.146)2.130{0.021,0.059| 0.000|0.404 1.98910.02811.370!0.209
3103 |0.700| 0.000|{0.199;{1.830/0.038;0.071| 0.000|0.357 1.464:0.038! 1.005;0.284
3104 |0.780/-0.080|0.205{1.830|0.039|0.091| -0.380| 0.444 1.44210.03810.97610.263
3105|0.860|-0.160{0.161(2.160| 0.022| 0.115| -0.984|0.714 1.92110.02711.242/0.187
3106 0.860|-0.160{0.205]1.800| 0.041|0.130| -0.780, 0.634 1.41910.04010.976,0.238
3141:0.780(-0.080(0.206|1.830| 0.038| 0.082| -0.388| 0.447 1.439|0.038]0.971,0.264
3142 /0.860(-0.160!0.160|2.160|0.022| 0.114| -1.000; 0.713 1.927|0.027,1.250/0.186
3151 (0.700! 0.000]0.144(2.140|0.020|0.060| 0.000|0.417 2.01210.028, 1.3890.206
3152 (0.700, 0.000|0.1951.820! 0.038|0.071] 0.000|0.364 1.471)0.039{ 1.026/0.279
3153 |0.780|-0.080|0.205!1.810: 0.040| 0.092| -0.390| 0.449 1.427)0.039]0.976|0.263

Data of H2014 (1994) Tabie A2.10



Test h |Re| Hsi | Tp | sop | Hst |Re/Hsi| Kt |{Re/DnS0 | Hsi/Dn50;Dn50| Ir | Bilo | B/Hsi| Hsi/h
m | mj|m s - m m m - - m - - - -
H1974| 12.7] 3.7| 4.03| 9.4|0.028 0.390] 0.918 0.097 2.002 2.18111.848|4.386|0.092|3.161|0.317
H1974} 12.7| 3.7 6.4| 12.3/0.027|0.880| 0.578 0.155 2.002 3.46311.848|4.554/0.054(1.991(0.504
H1974| 12.7| 3.7| 6.8| 14.1/0.022/1.200| 0.544|0.176 2.002 3.680|1.848|5.065|0.041|1.874|0.535
H1974| 11.1| 5.3] 3.3] 9.5/0.023/0.180| 1.606) 0.055 2.868 1.786:1.848|4.899 0.090)3.861|0.297
H1974| 11.1] 5.3 5.7| 11.6{0.027/0.410| 0.930/0.072 2.868 3.084|1.848|4.551/0.061(2.235(0.514
H1974! 11.1) 5.3] 5.9| 12.5|/0.024;0.520]| 0.898:0.088 2.868 3.193|1.848|4.821/0.052|2.159| 0.532
H1974| 11.1| 53| 6.1 14.7|0.018|0.630| 0.86%8|0.103 2,868 3.301|1.848(5.575,0,038|2.089|0.550
H1974 | 12.7: 3.7| 4.7| 10.2/0.029/0.610| 0.787|0.130 2.002 2.54311.848|4.407;0.078{2.711|0.370
H1974| 12.7] 3.7] 5.7| 11.3;0.029|0.830| 0849|0.146 2.002 3.084|1.848{4.434:0,064]|2.235|0.449
H1974| 12.7| 3.7 6.4] 12.2|0.028|1.030; 0.578|0.161 2.002 3.463]1.848:4.51710.055(1.991|0.504

Data of H1974 (1995}

Table A2.11






ANNEX 3

Figures for Chapter 5
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Figure A3.7

Rubble Mound breakwaters, K; vs. R/H
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Figure A3.2
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Figure A3.3

Impermeable breakwaters, K, vs. R/H;
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Figure A3.4

Rubble Mound breakwaters, K; vs. (R. - Ruz2)/Hy;
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Figure A3.ba

Influence on wave steepness, Data of Daemen
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Figure A3.5b

Influence of breakerparameter, Data of Daemen
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Figure A3.6a

influence on wave steepness, Data of Van der Meer
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Figure A3.6b

influence of breakerparameter, Data of Van der Meer
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Figure A3.7a

Influence on wave steepness, Data of Seelig bw4
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Figure A3.7b

Influence of breakerparameter, Data of Seelig bw4
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Figure A3.8a

Influence of H,,,/Dnsp for sq, = 0.02, Data of Daemen
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Figure A3.8b

Influence of Hyo/Drso for s,, = 0.04, Data of Daemen
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Figure A3.9a

Influence of Ho/Dyso for sq, = 0.01, Data of Van der Meer
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Figure A3.9b

influence of Hye/Duso for sq, = 0.02, Data of Van der Meer
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Figure A3.10a

Influence of relative crest width (B/Ly), Data of Daemen
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Figure A3.10b
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Figure A3.11b

influence of relative crest width (B/H), Data Van der Meer
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rigures for Chapter 6
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Figure A4.1

Influence of H,/D, sy for R/H,; = (0, Rubble Mound breakwaters
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Figure A4.2

0, Rubble Mound breakwaters

Influence of & for R/Hy;
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Figure A4.3

Influence of s,, for R/H,; = 0, Rubble Mound breakwaters
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Figure A4.4

Influence of B/H,; for R/H,; = 0, Rubble Mound breakvwaters
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Influence of B/L, for R/H,; = 0, Rubble Mound breakwaters
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Figure A4.6

Influence of s,,, with known influence of B/L;, Rubble Mound
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Figure A4.8

Influence H,/D,sp, with known influence of B/L,, Rubble Mound
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Figure A4.9

influence of s,,, with known influence of B/H, Rubble Mound
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Figure A4.10

Influence of &, with known influence of B/ H;, Rubble Mound
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Figure A4.11

influence of H./D.,s», with known influence B/ H;, Rubble Mound
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Figure A4.12

Influence of H,/D,sp with known influence of B/H;; and &
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Figure A4.13

Measured vs. Calculated transmission, R/H,; = @, Rubble Mound
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Figure A4.14

Coefficient a with known coefficient 4, Rubble Mound
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Influence H,/D,sp, known Coeff. a and influence of B/H,; and ¢
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Measured vs. Calculated transmission, Rubble Mound breakwaters
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Figure A4.18

Influence of &, with known influence of B/ H,, Impermeable
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Figure A4.19

Measured vs. Calculated transmission, R/H, = 0, Impermeable
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Figure A4.20

Measured vs. Calculated transmission, Impermeable breakwaters
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Infuence of s.. oON minimum value of K,, Rubble Mound
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Influence of H.,D,s» on minimum value of K;, Rubble Mound
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Rubble Mound Breakwaters
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Impermeable Breakwaters Figure A4.26
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W parenoted
Measured vs. Calculated K,, Data Seelig bw4 & bw10



00't

0670

08°0

0L'0

090

W painseay
050

0’0

0e’0

0o

gL'o

000

8 [¥od X
LIVOod @ 9Ivod ¥
G |YVOd = ¥ |VOd B
£Ivod- ZIvode

00

10

c0

£0

¥o

S0

90

L0

80

60

dosjiy B |lamod ejeq
UOCISSHUSURI] Pajejnajes "SA painsealy

o'l

M paje|najed

Figure A4.28

Measured vs. Calculated K, Data Powell & Allsop
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Transmission Measured vs. Calculated

Data M2090-Caisson
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ANNEX 5

Table of Normal distribution






K 0 1 2 3 4 5 6 7 8 )
0.0} 0.0000 00080 0.0160 00239 00316 00399 00478 00558 00838 00775
0.1 00797 00876 0.0955 01034 01113 01192 01271 01350 01428 01507
0.2] 01585 01663 0.1741 01819  0.1897 01974 02051 02128 02205 02282
03| 02358 02434 02510 02586 02661 02737 02812 02886 02961  0.3035
0.4 03108 03182 0.3255 03328 03401 03473 03545 03616 03688 03759
0.5 03829 03899 03969 04039 04108 04177 04245 04313 04381 04448
0.6] 04515 04581 04647 04713 04778 04843 04907 04971 05035 05098
071 05161 05223 05285 05346 05407 05467 05527 05587 05646 05705
08| 05763 05821 05878 05935 05991 06047 06102 06157 06211 06265
0.9f 06319 06372 06424 06476 06528 06579 0.6629 06680 06720 06778
10} 086827 06875 06923 06970 07017 0.7063 07109 07154 07198  0.7243
11] 07287 07330 07373 0.7415 0.7457 0.7499 0.7540 0.7580 0.7620  0.7660
127 07899 07737 07775 07813 07850 07887 07923 0.7959  0.7995  0.8029
13| 08064 08098 0.8132 08165 0.8198 08230 0.8262 0.8293 0.8324 08355
14] 08385 08415 08444 08473 08501 0.8520 0.8557 08584 08611 08638
1.5 08664 08690 0.8715 0.8740 0.8764 0.8789 0.8812 08836 08850  0.8882
18] 08904 08926 08948 0.8969 0.8990 09011 09031 09051 0.9070  0.9090
171 09108 009127 009146 09164 0.9181 09199 09216 09233 009249  0.9265
1.8/ 09281 009297 09312 09328 09342 09357 0.9371 09385 09399  0.9412
1.9] 09426 09430 09451 0.9464 09476 09488  0.9500 0.9512 0.9523  0.9534
20} 09545 09556 09566 09576 0.9586 0.9596 0.9606 09615 09625 00634
21| 09643 09651 09660 009668 09676 09684 00692 00700 00707  0.9715
22/ 09722 087286 09736 00743 09749 09756 09762 09768 0.9774  0.9780
23) 05786 09791 08797 09802 0.9807 0.9812 009817 09822 00827  0.9832
24; 009836 09840 09845 09849 009853 09857 09861 0.9865 0.9869  0.9872
25( 09876 09879 09883 09886 09889 009892 0.9895 00898 0.9901  0.9904
26] 00907 09809 09912 09915 0.9917 00920 09922 09824 09926  0.9929
271 09831 00933 09935 09937 09938 08940 09942 009944 00946  0.9947
28{ 09949 09950 09952 09953 0.9955 09956 0.9958  0.9950 0.9960 00961
29| 09963 09964 0.9965 09966 0.9967 09968 0.9969 0.8970 0.9971  0.9972
30f 09973 09974 09975 09976 09976 08977 08978 09979 09970  0.9980
34] 09981 09981  0.0982 09983 0.9983 0.9984 0.0984 09985 0.9985  0.9986
321 09986 09987 09987 09988 09988 09988 0.9989 00980 0.8990  0.9990
331 09990 09991 09991 09991 09992 09992 09992 09992 09993 09993
34] 009993 09994 09994 09994 0.9994  0.9994  0.9985 0.8995 0.9995 09995
For example. P{k <164}=08990
-k
Two-sided truncated Normal distribution, N(O,1} Table A5.1







ANNEX 6

Figures and Tables for Chapter 9






bz 10500 [0080  [ize€  |et% 5201 |25 000D 86’0 €SS€  [/ZVE [JZi e [Ze00]ZI00(TIZ0 ‘eZ'0|9v8'Z [e50°Z (80 [201 P00 (2020 0500 ¥6€0 [0S0'C [¥6Z20Q | ewgp
6EB0 0000 _ |0SZ0 _ 1680l _ |89z |Z86 |zes¥ 000y SO0'L |6VE'C  (AP6T [/p6T  [PEO0[610°0/6610 |SOZG tiSz |4b6'L 18°0 [20°) [¥P0°0 2020 |0S00 |5620 0500 |¥62'0 | egop
4290 0050 [oso0 [/28T  |/i¥ [8Z01 |ZeST |000F €560 (S€S°€ lOLi'E  [0L1'E  |2e0012(00(0lz0 62¢0 |528'2 1€¥0C 80 |20°t |vk00 |2020 050D ¥62'0_/0S0'0 |pez0 | epar
LL40 10000 100)'0 |Z/Z0  [c6L |S66 [2cSh 1000 (8607} €8LE (108 [1087 |880°0[0200(68L'0 |8aL 0 LEP'Z [/£9') (80 [Z0°}LPPO0 2020 |0S0°0 |b620 0500 |F6Z0 | eE0r
0000 0000  [0S00 0500 |0Z |920% |Zest [000D 4611 |CIR'E 1602~ [S/P'T  [6£0°0[120°012910 |10 Zr2ez SS9°L 180 20°L |¥P0°0 12020 0500 |pEZ0 0500 [v6Z'0 | ®zZop
00000 _ |0000 |0000 (0060 12 ives |zesy |000® S’} 8627 |220C [220T  |860°C|zz00]ieL0 IzEr0 LI0°Z ;605 [8'0 [20°} [¥PO0 2020 |0S0°0 (¥6Z0 0S0°0 |¥62'0 | elLOw
0510 10500 [00E0  [00S0  |19¥ l2¢6 0002 |000Z |Z1GG $69'C  |268'7 2687 |950°0|SE000(S6L0 160z 0 (2851 ¥ov'L 160 120'4 (0500 [¥620 |050°0 I¥620 |050°G ¥6T0 | espe
0000 ;0000  00L0  [00L0 16z |be6 |000'Z 0002 [JS9°0 [952C  |8G2Z  |9SZZ  15S0°0 980012610 [S81°0 [p¥O'L [0SCL [6'0 120'} [0S0°0 v6Z'0 _[0S0°0 [PEZD 0500 [p620 | Egbr
00L'0_ |0000 _[0S8'0 ~ |0S6'C__ |86k |SE6 (000'Z (0002 98v0 |9v0€  [9v0't  |o¥0c  |950°0|9£0°0 (8020 ZlZ0_|206°) [925L |60 [20't|0S0°0 [¥62°0 [0S00 620 0500 [v6z0 | ecpg
0000 _|o00'0_ |0S00_ |oS00_ [soz (816|000 000z €040 |02 Z0L'Z [J0L'ZT _ [¥500|S€00)2zp1 0 |S51 0 4194 [€0E'L |6'0 120°) [050°0 [p620 (0500 [762°0 0500 [¥620 | Eppe
00¥'L 0060 _ [00SO _ [008'Z /215 |SE6 |000°Z 0002 leer 0 PiEE  |vIE€  |vi€t  |/50°0]0£0'0(82Z0 6220 |1zZ0% €094 |60 |20t (0600 [P62°0 [0500 [¥620 |0S0°0 ¥620 | ecpe
0SE0 10010 [0S00 ~ |00S'0 |v62 |206 000z [000°2 b8 0 485 |i65Z (/66T [£S0°0[960°0[1Z10 [€810 |SpL'L Evy’l (60 20°) [0S0D [¥62C_[0500 |PEZ0 10500 ¥620 | ezpc
0000 [0000 _ {0006 [000'0 |¢2 |206 |000°Z [000°Z |656°0 494V 1292y [/92°F |Z600[¢e00]6LL0 [eel 0 biG}L 8i2') [6'0 [20'1[0S0D [v6Z'0 loSo0 v6Z'0 10500 [vez 0 | elpr
0510 |0Ov'0  [0Sz0  |008'0 _ |0L6 |€66 0000 |000°0 |0000 S0€€ |80C€ |80E'C |5€0°0]020'0[€2Z0 |/iz0 |iZoz LIO'Z (60 [20') [0S0°0 |p6Z0_ (0500 [#62°0 (0500 P60 | egzz
0500 |000'0_ [00L'0_ "fOSI'0_ |06 |€66 |000°0 |000°0 |0600°0 €657 [€6GZ [E65Z |Z€00|LZ00]SZL0 |zZtQ S6¢Z |0pL')L |60 [20°1[0S00 [vez0 locoo v6Z'0 0500 [v620 | ®Szz
0000 10000 0000 [000'0  |0Z6 [020) [000°0 |000°0 1000°0 1986} 956'L (896t  |6£0'0/2Z00[2EL0 [EELO |bbe | [62pL 60 |20 [0S0°0 |v62'0 [050°0 [¥620 [0S0°0 |[b6Z 0 epze
0sia _josgo _ [008°0 |08l _ |see [S00L |000°0 (0000|0000 POO'E |MOS'C  [¥O9'E  [SE00|6100|shz0 |BE20 |i6aZ 404 |60 20°) [050'0 [P620 000 |vez 0 10200 v620 | ®gzz
0500 _ ;0520 [ospo ~ [ose'o  |/Z6 168 |000°'C [000°0 |0000 696z 16967 696 |560°0[1LZ0°010020 8610 Sri'g [SO6'L [6'0 201 {0S0°0 [¥620 |050'0 |v625 0500 620 | eZzz
0500 10010 |000'0  [051°0  |£/8 {910} |000°0 [000°0 |000°0 (2922 492c  |/9tZ  |950°0|220°00(€510 lesi0 |s0iz [zioL 60 1201 /0S0°0 [¥62°0 |050°0 |P62°0 |0S0°0 |v6ZG ¥44
00L'C 10090 [0Sy _|0StL |Zsg ||¥6 |000°C |000'0 (0000 BS9€ 18C9'C  |8SO'C  [650'0(SE00 /P20 |8bz0 |9Z1Z 549°V |60 20'} (0500 |¥62°D 0500 v620 [0S0Q ¥62'0 | egpz
0500 _ |0si'0_ [0S00  [0SZ'0  |v.6 |ev6 [000°0 [000C |0000 66L7 |662°Z7 |6ELZT  |950°0/SE0°0|58L0 961G Lv8'} 125k} 16'0 (201 [0S0°0 [v6Z'0 |0S0°0 [p62 D 0S0°0 [¥620 | eskz
0000 |ODE0  [00K'0 0020 1858 (Ov6 |000°0 |000'0 [000°0 [2z6¢ LTSE  |LZG€  [950°0[9E0°0 [BECO |ivZ0 |290°C |8bO| 60 120') |0S0°0 [v6Z'0 0500 [v620 |0S00 (5620 BppZ
0000 [0S00 (0020 _[0Sz0 068 |p¥6 [000°0 |000'0 10000 OEcE  Joece  lose’e  |/S0'09€0°0|S220 (2220 18002 4861 |6'0 |20°L|0S0°0 [v62°0 [0S0°0 |pBz DO 0s0Q [¥620 | egpz
0000 10000 _ [0S00 _ [0S0°'C |08 606 0000 [000°0 |000°0 |Zz5Z gtsc  |2zsz | |€50°0[9€0°0[025°0 [e8l0 [ze2'L [ovb L 60 :20'L|0S0°0 [v620 |0S0°0 |¥620 10500 |v6Z0 eZpe
0000 _ Jooo 0000 |0G00 _ [0z 106 |000'0 [000'0 [000°0 |292°) 941  J9L)  [1S0'0|€€0'0/64i0 [ZEF0 (SLSL (8121 (8D 20°L 10500 [y62°0_[050°0 [v62°0 [050°0 (620 | Eipz
SE00 |S06L |oesZ  [0/z¥  |JZv |iey (6evi-|6ev)-1Siz O S20G |S20C  |520'S  |/S00]980°G|zez0 [pEz O 8E0'C |¥19') [6'0 [Z0'L[SE00 (PO |5€0°0 |501D SE0'0 [KOL'O | sopL
0000 (SIE0  [SMO'L " [OEE'L  |6¥6 |6v6 |62V b-|62v L-|Zvz0-|oBE Y 98€y  [98L'v  [/S0'0|/E000(€0Z0 |0Kz0 |com't [vo) 60 [20')|SE00 [POL'0_)SE00 [$DLO |6E0°0 501 0 55b1
0000 :50L'0 [GiE0  |ozv O 126 |1Z6 |62y )-|6Zb'}- SECO-[IECE  [1ECE  |1E2€  1pSO0 /800 6710 |€91°0 (9197} [PECL |60 |20') |SE00 [50LD SE0°0 /010 [SE00 [vOLD | shpt
OvbD  |SvE0_ [S9E'L |0SK'Z | 1v6 |Iv6 62w k- |62v 1 (1220 468y 468 |/68F |6G0°0[9€0°0(922'0 6220 |100°Z [1Z5] 60 _[20°) |SE0°0 (OKO [S€0'0 [¥01 0 5600 |01 0 SEPL
Q000 |SZ10  |s8e'0  [095°0  |9Z6 |96 |6Z¥ b-|Bek b-|262°0-|202°€ L00€ {I0/€ |SSO'O[9E0'0/1ZL0 (2810 [6EiL [ELF L §0 |20} |5£00 [b0I'0 [SE00 [vOLG [Se00 [poi 0 sZri
0000  [Se0'0  [0/00 1S0L0 €16 (EL6 |62V b- |62 b-|ozh O- et T 966 8657  [2S0°0|PE00[ZLL0 izeb0 |9kt b0z L 60 |20} ISE0'0 |POL'0 [SE0D [¥0L0 [SE00 [vOLO sly}
0000 (92)'0 |2€10 [80E'0  |/S6 256 |9Eh L-19EL i~ €61 0- |Goch S5y 195C'y  [550'0[/€0°0[6520 (9920 [821Z [ec.t 16D €0'L |¥b0'0 [20Z'0 [v0°0 2020 |brOD |20z 0 ASk|
0000  [p¥0'0 Y00  [880°0  |v¥6 |vP6 |SEL b-9EL°L- [P0 |6SLE 85.€ 165t |/60'0|/€00(£220 [/zZ0 6s6') [Z85°% (50 CO'L P00 |Z02'0 [¥r0'0 [20Z0 [PkO0 (2020 | dEb]
0000 _ |zeb'0  |0zZ0 _ [2SE0 [/v6 17v6 [98L 1°]9Eh 1 |20z 0 45ty |45l |/S1p  |/S0°0[¥€00[Zp20 |8v20 [ISLT £49') 160 [20°) [¥¥0°0 {2020 |pb00 (2020 |ph0G 202'0 | el
0000 0000 _ [vb0'O [¥PO'0  |¥¥6 |PP6 |9ELL- |96} 11220 | LIV E LIPE  [Live  |/50°0/6€0°0|€0Z0 (1120 |8e8') (£S5t |60 €L |YPO'0 [202°0[pP0D (2020 |¥b0'0 [2020 | Wapl
0000 J000'0 _ |0000 0000 [Gi6 |SI6 |96k b-19EL 1~ |SEE0-|Ele e Elg2 €157 |ESO'0[SE00(6ki0 [291°'0 [6bL [eve i (60 g0’ vP0'0 (2020 |PY0'0 [202°0 [pFO0 |2020 | bl
0000 |0Sz'0 0060 _ |0S6'0 _[JS6 256 |000'L-[000°)-|£6)0-|£68c  Ieens EEB'C [SS0'0/J€0'0/652°0 (9920 (60LZ [262') |6G €0’} |0S0°0 [¢62°0 |050°0 [P6Z0 [0S0°0 [v620 esyl
0000 0500 J0SG'0  [00L'0__ |sk6 [EVE |000b-|000 b-|v2z 0 180c S0E'E  180€€  |50°0[/60°00(€220_182Z0 (096t 168S} |60 0L 0500 |[¥6Z'0[0S0°0 |p62'0 |050°0 |v6e0 | Epp|
0000 _ (0010 |0SL'0 _[0SZG  |€v6 |cv6 |000°L-|000'L-| 10z0-|0gae 089 |089°C [8S0°'0(VE0'Q[8¥2'0 [6¥C0 (1942 (6291 |60 20110500 [¥6Z°0 |0S00 |¥62°0 |0S0°0 1620 | Ecpl
0000|0000  [0000  |000'0 _ |S26 |26 |000'L-|000°L-|2820- |28 | /29% 42877 1S50'0//€0'0[1610 2020 |gzgt [e6v'1 |60 (201 0S0°0 |¥62'0  |0S0°0 [v62°0 |0S0°0 |v620 | Bzb1
0000 10000 000G [000'0_|806 [806 |000°L-1000 t-|156°0-|Z0L 2 L1z 1201z  [£500[5600/2ri'0_[a510 (119t [vIeL |60 201 ]0S0'0 p62'0 [0S0°0 |¥6Z0 [0S0 [F620 | ElpL

Jeay b ETE) juoiy |ejo} Jesl [daap | seay o) | ao Jeal Jsaln oy - - 20}/ dadp s s u | vy [¥4] W ug W ug W

PON PoN PON PON N JQ/2Y  [SH/oW |ugviisH [uavasH [uaviisH| wos | dos | gjpH| (i) s pdL | Wy T4 ieay 15219 o1y ¥sa)

Table A6.1

Data of H2061 (1994)



0SEl {0000 00i0 0351 |9tk |90} |000P [0DOY |090 ) |9BL € |962¢ |96J<¢ [JZOO[PLOO|6BL 0 |JEC0 |POEC |€Ei e |20 |201]0500 [PBE0 |0S00 [r620 |0SO0 [P6E0 | €8ZO
00ZC |0000 |0DDO  |0DZ0  |vPE |cOOL |00V 000V [620°) jobiZ  levzz  |ovlZ  ioco0iglo0(sgi0 [Zlzo [ecsz [v66'L {20 (20 [050'C [P62'0 [0S0°0 iv620 [0S0°0 [PEZ0 | BZZ9
0000|0000 |000C 0000 vkl |886 |000Y 000V |SSL'1 1997 1995z  [eesZ  feco0[izoolezic [e9b0 [e8ZZ [evZL {20 [20'1{050'C [FE62'0 [0S00 (K620 [0SOO [¥620 | ®9Z9
00S0  |0S00  |0S00  |009°G  |OEE |pOOL |000F |00Q'F |ZPO'L E¥EC  |EPEZ  |EPEE  LED0|9100(Z6i0 |ZI1Z0 (BPLZ |066'F |J O |20'1|0S00 [F620 |0S00 (PEZ0 |0SO'0 |PBZ0 | ®52O
0000 |oO0OC  |000C  |oooG |16 |ZLDb |000Y 000V |€8L') IvOST  |PDSZ  |PDGZ  iBE0°'0(2200[691°0 (6510 [86L'Z [629'L [2'0 [zoL|osoo [vez0 |0G0'0 [vE2'0 |0S00 [v6Z0 | BrEo
0500 looro  |oSze  |oop 0 |2cv |6ODL |00V |00OY |v90'l vBLZ  [Pe22  |PBLT  tlzo0[ril00[esi0 [oezo lveeZ [0OLEZ 20 [Zo'L|oso0 [vez’0 0500 [v62'0 [0S0'0 [vEC O | EEeg
0000 loooo  |0020  |ooce | LEZ |66 |000F |o00P |Z1L°)L lesee  [esez  |eS9'Z  (ee00({eL00[6210 [98i0 [ecyZ (999t [L0 |Z0'L|oso0 [ve20 [0S00 |pEZ0 {0S0°0 [FEZ0 | ®2Z9
0000 (000G |0so'0 | |0s00  |Z¢ |G66 |000Y |oDOv (9224 [ZZel  [Z2eZ  [ZZeT 1 IvOO{VZO0[ZS10 [6EL0 1650 [£9G') (20 {Z0'L|0SG0 [¥6ZC [0SO [¥EZ0 [0S0°0 (#6200 | elZe
086'0c_ |oc00 |oos [os6TL 656 |PH2G |00DP 0680 [oee'e  [oege  [oece  [eso'oisco0(szz0 [Zzz0 [210°Z [viS) |80 [zo'L|se00 {rOL'0 (0500 [PETC |0S0'0 (peZ0 | usks
0000 [0000  |oogc  |ooS'C GZ6 (P12 G (o00'v [co') [seez  [see?  [sgp'?  [Sc001Ze0°0[18L0 [pEL0 |2/2') [ZSP)L (60 [Z0TL[SE0D (K010 [0S0°0 [PEZ0 [0SO'0 [vBZ0 | ubkS
o085/ |ossL [ossL  [osZLl Z89 |PLLG |000F |199°0 |6EF'E  |GEYE |GEF'E  |9S0°0 [ObO'0:ZE2'0 [6€Z'0 [Z267) [¥Z9°) [6'0 [20°t|sto0 [rOL0 [0SO0 [P6Z0 {0S00 [PETO | UEPS
sre0  |ooo0  [ose'o [s60°L ovs |vL.G |000F €260 |[9r0E  [9PO'€  [SPO'E  [8G0°0[BE0DIS0Z'0 [PiZ'0 |£58') [0LG') [6'0 [20°4[Se00 |POL'0 |0OSOQ [P6Z0 [0SO0 |P6Z0 | UZPS
0000 [oo00  [oske [osbo 826 |PL.G (000 [BIZ'L [eep'T  [eerT  |Ser'Z  |SSOO[PECOIF9L0 [SZ10 [8S2°) [98€) [60 [20°1 iS00 [v0L'0 [0SO0 [FEC0 [0S0°0 (W6Z'0 | ULbS
00LL 005t |006E  |00S@  |E2e |ZpOZ |000F |00DP |SEB0 |6PGE  |6bS €  |6PSE  |4500|JE00]0FZ0 |E¥C0 |6E0°Z [6£9°) [6'0 |20°110S0°0 [¥6Z0 |0S0C #6200 |0S0°0 [p620 | AZbS
0St0  |ooi'0 loszz |00z |eel |918Z |000'v |000F (94870 [PZEE  [piE€  |pJE'E  [2S0'0[9€0°0[8ZZ0 |6ZZ0 [SZO'E [Z09°L |6°0 |Z0°L 0500 [¢6Z'0 [0S0'0 [¢62'0 [0S0°0 [v6T0 | 9Q9vs
0000 o000 |00 |0080  |PSE |@l8C |000F |000F |950'L |S0R'Z  |s08'¢  |S0BT  [/S0'0[Scoq(éeL0 |66L0 [128°L [6SP’L |60 |Z0°L]0S0°0 [v6ZC [0S00 [¥620 |0S00 [v620 | 95K
0000 000G |00z0  |00Z0 |22 |1SZ |00OF 000V |PiEL (95ZF 992 ¢  19S¢ ¢  |vSO'0|GE0'C[2sL'0 [S91'0 [peo't |ove'l {60 [Z0'L|0s0°0 [p6Z'0 [0S0°0 [pEZ0 |0S0°0 |¥EZ0 | avks
0010 |60LC  |00S L |00t |£ZS |vISZ |000F |000Y |8Y0'V (J29¢ (4282 /287 [£S0'0|vE0'G[I6L'0 [L1Z'0 [88E't |¥EZS) [6°0 {Z0') (0500 (¥6Z'0 |0SO'0 (PEZ'0 |0SO'D [PEZ0 | dEbS
0000 0000|0020 |00Z0 |86l |VEJZ |00OY |COOF |19V} (2662 CSSC  |285Z  |€S0'0|9E0°C[ZZL'0 [¥8L°0 2oLt [Ov'L |60 (2071 |0S00 |¥6Z0 |0SO0 [PEZ0 [050'0 (PBZ'0 | 9ZbS
G000 looo0 0000|0000 |9 |90/Z |000F (000 [JZS°k |J62')  (/92'F |l94) |2SO'0[€E0'G|6LL'D |EEL'0 (84S [8LZ) |60 120°L|0S0°0 [#EZ'0  |0S0°C (¥620 |0S00 (K620 | ALbS
oceo o000 |000Z  |USEE  |€6e |ZF6 |000F |ODO'V |SZ8'0 |E6G€  E6GE  |EBSE  |/S0'0[/€0°C[£vZ'0 [S¥Z'0 [9S0'Z [Sp9L [6°0 [20°)[0S0°'G [¥6Z'0 |0SO'0 |PBZ'O0 |0S0D [PEZO | BLPS
0510 [opoo  [ose L ook 19z |v¥P6 |000F |000F |BZ8°0 |PZEE pIEE  |PIEE  |8s0'0|9c00|82Z0 Jogg0 [220T (/854 [60 [eo'L|os00 |60 [0S0 [PEZ'0 [0S0'0 (¥6Z'0 | ®OKS
0000 10000 (0860 |ose0  |gl} |i¥6 |o0Ow |000F |9S0°F |09 |SOB'Z  |S08'Z_ {ZS0'0|SE0'0[681'0 |661°0 |S/8'L iPSPL (670 [20°1|0S0°0 [¢620 [0S00 [VBZ0 [0S00 [¥62C | SKS
o000 |oo0o  losi0 |0SL0  |vZ |9L6 |000F |D0OP |vLEL (952  |952Z  (9S2€  |pSO'0(SE0'0[2SL°0 [S9L'0 |999°) [Zve’l [6°0 [20'1[0S0°0 [PEZ'0 |0S0°D [pEZ0 [050°0 [¥EZ'O | EwypS
oo0l’'0  [oooo jeoro {0020 LZl |96 |000v |00OF |8v0') |28 |Jzee  |229'C  |eso0|veo0l1610 (1120 [868) [v2s'l (60 [Zo'L|os00 [veZ0 |0S0'0 [P6Z'0 [0s0'0 [P62'0 | ®Ebs
0000 0000  |00Z0  |o0zO |99 |Pi6 |DOOY (000F |@9 ) [JESc (L6  [ZeSZ  |€50°'0|9€0°0[H41°0 {e€RL'0 (AL [€EPL (60 [20°1|0G00 [P6Z0 [0SO'0 [¥62C |0S00 [¥EZQ | BZKS
0000|0000 10000 0000 |2 |lo6 |000Y 000F |229°) [292) (292 [29/°L  [MSO'Q|€€00(6LL'0 IEELO [SLS'L |0ZZ'L |6'0 |20°)|0S0°0 [PEZ'D {0SO'0 |PEZ0 |0S00 [¥EZ0 | BLEG
0.7  |ooFi  [oobl  [00Z'S 17/ |800€ 000 (000F |§86°0 [Z00C  [Z00€  |Z00E  [/€0°0|020°0|€0Z0 [10Z2°0 [6ES'Z [¥GR'L |6'0 [20°)[050°0 [P6Z2°0 [0S0'0 [P6Z0 (0S00 [PBZC | 9505
fooo loooo  Toozo  |00Z0  |bv) |20 OOOP (DOOP [Z8TL [HMEE [ME'E  TLIEZ  [6€0°0[220°0(951°0 €SO [€€LZ [S09') [6'0 [2071[050°0 (k620 [0S0°0 [v6Z'0 {0S0°0 [¥6T0 | A0S
o0z9  Toocz  losez oSl il |ZZ¢ |808Z [0DOP [000F |9060 [ZLCE  (2/2€ (24ZE€  |980°'0|0Z00[1ZZ0 [61Z0 |6¢9°Z [186L |60 |20°1|0S0°0 [P6Z0 [0SO'0 [¥6Z0 {0G00 [PEZ0 | GEQS
6ecG |ocoo |oGeo  |osti  |€JG |LMOE |00OP [000W (B0l |688°Z 688  16BEZ |8E0'0|0Z0TG[SEL'0 [26L°0 [S/¥°2 [128'L [6'0 [20°L[0S0°0 (¥6Z'0 [DS0°0 |v6Z0 0SO0 |¥6ZTQ | 9205
ooco loooe  |oovo 00D |68 |8Z0€ 000V |000P i86LL |vivE (PAPE ipJ¥Z  [BE0'0[1Z0°0[/84°0 [pOL'0 [SIZ'T [869°L [6'0 [Z0'L[0SO'0 {b6Z'0 |0G0°0 [p6E'0_|0S00 [bETO | 4LOS
6057 |osoo oog0  l0SZ  |lS¢ |€00L |000F (000 |S@60 [Z00€  |Z00E [J00°C  [Ze0'0[0EQ'0[€0Z0 [Z0ZQ ovS'Z [289°t [6'0 [207L[0S0°0 (#6Z'0 0500 |P6T'0 |0S0'0 [PEZ0 | S0
0000  loooo  Jooro looi’e |ev |ozol |o00v [000Y (28T 5 fLEET  (MLEZ  [11€C  (6E00(ea0[s5L0 [€51°0 (/€12 9094 (60 |20°3|0S0°C [¥6Z°0 |[OS00 [P6Z0 [0SO0 |FEZO ! BXOS
oove  loozo Jogzt “oser  |J62 |WLOL |0OCY (00O |9060 (2l2e |ede€  |2iz'€ 1960°016L0'0[1ZZ'0 0220 |SIZ'T |2/6°) [6'0 [20°1]0S0°0 [P6Z0 [0S0°C |FEZ0 |0S0°0 |PEZD | EBEQS
5z0  |oooo  |oss'0  |00@0 | 16h |Z00) |000F |00O'F [920°) |68RC |688°T |698'T  [9E0r0[1Z0'0{S6L0 [Z6L0 [9okZ |£29°) (60 [Z0°1}0S0°0 [¥620 [0S0°0 [¥6Z'0 [0S0 [¥EZ0 | 20S
0000 0000 |0Si 0 |0Si0 |€9 |6zoL |GOOF |000F [86L L |viPT _ |viPC  |viPE  |6EOTC|1200[/910 [¥9L'0 [S/2°2 [6b9°L |6'0 [20°) 05070 |v62'0 |0S0°C [P6ZD [0SO |¥EZO_| ©IOS
ted'e  |iorz 0560 |IFi6  |296 |\6CC CeS¥ |000V |8P60 EGSE [ZZFE  [ZZ1'E  [2€00(ZL00[VlZ0 622D |[L£9°Z {GYO'Z |80 (Z0°)|¢PO'0 (2020 |0SO0 [KET0 [0S0°0 [¥6Z0 | Q90F
g02' L loooo  looco [e0L'E  |v0B |£/62 [2E&P (D0OF |SOOL |6FCE  |iP6Z  |.¥EZ |PE0O|6L00[66L'0 |€0Z'0 [£/S'Z [€E6’) [8°0 [20') [#P0'0 [202°0 |0S0'0 #6520 |0SO0 [¥6Z0 | 9sov
99,y |lcoz  |osoz 956 |069 |20/L |Z65v |00OP |£56°0 [SESE  [OLLE [OLL'E  [2€0°0[810°0/01Z0 (8220 [95.°€ [150°C (80 [Z0'L[#b0'0 [Z0E'0 |0S0'C (¥5Z'Q [0S0°0 pEZ0 | Aror
80c0 0000 |6Si0  |esr0  |£9s 0662 |2eG v (000 (@SOTL [€BLE (1082 (1082  |9€0°G[0Z00[88L'0 (8810 |0SY'T [vES') (90 [20'L|¢¥0'0 (2020 [0S0°0 K620 [0SO'0 [V6Z0 | dEOv
bv00 0000 oS00 |¥600 |2 |9Z0€ |ZeSY (000 [Z6LV [2E®Z  |Sip'2  (S4b2  [6€0°0[120°0[Z910 1910 |ovZ'z |959') |90 |20') (P00 (2020 |0S0D (#620 [0S00 [V6T0 | 420F
0006 |oooo |o0o0 0000 |4z |G86¢ |ZES¥ 000 jcev'l @eze  |2c0¢  [¢Z0¢  1680°0(2Z00[s£1°0 |LEL'0 @66 |20c'L |80 |20 i¥¥0'0 (2020 [0S0 [#6Z'0 |0S00 [¥6Z0 | Alov

1eal 35340 U0l |eyo3 | Jeel |dasp | seas |juoy | a0} deas Js@ld juoly - - 20)| deap s s w | vy | ug W ug W uq W

PoN PON PON PON N ug/od | |SHoY |uavasH [bavisy [uguasH [ wos [ dos | g H[(w)isg] pd) ail |y Jeay ysa1y el ¥saL

Table AG.1

Data of H2061 (1994}, Continued
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Table A6.1

Data of H2061 (1994), Continued
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Table A6.1

Data of H2061 {1994), Continued



Test ' Hs |Tm |Hs/ADn [Som |Rc/Hsi|Nod (1000) Nod (3000)
110.20)2.19 3.32/0.027] 1.25 0.93 1.77
21017\ 2.21 2.81/0.022| 1.48 0.27 0.62
3/0.1412.19 232/0.019) 1.79 0.04 0.04
4/0.151219 2.56,0.021f 1.62 0.04 0.18
510.19]2.20 3.08|0.025| 1.34 0.84 1.42
6|/0.16/1.70 2.59/0.035| 1.60 0.53 0.97
7/0.13;1.69 212|0.029] 1.95 0.22 0.31
8/0.11|1.68 1.83/0.025| 227 0.04 0.04
9/0.18/1.72 3.02/0.039] 1.37 0.89 1.68
10/0.13{1.35 2.16/0.046| 1.92 0.22 0.31
1110.16/1.40 2.66|0.052| 156 0.i3 0.44
12/0.18] 1.45 3.04/0.056] 1.37 0.53 1.15
13/0.15{1.37 246/0.051| 1.69 0.49 0.93
14| 0.11]1.34 1.76/0.038| 2.36 0.04 0.04
15/0.1612,98 2.7110.012, 1.53 0.18 0.31
16 0.19| 2.91 3.20(0.015| 1.30 0.27 0.93
1710.15/2.99 241,0.010] 1.72 0.09 0.22
18/0.13/2.99 219/0.009, 1.89 0.04 0.04
18/0.21{2.90 3.54/0.016| 1.17 1.42 3.68

Data of H462-1l (1987)

Table A6.2
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Figure AG.1

Cross section Breakwater Test H462-I1 (1987)



0g'0

G0

deap ten gy

0o Sio oto S00

000
- 00°0

- S0°0

o B

- 0L'0

- SL0

0¢0

SZ'0

OO =d s-—@-
200=d5-—o-

]

W0g'0 =7y w ggg = >ry
Lo}ja314as 404 Pe3oallod i eje(
05:| adojs aloysalod 2 1Eiy yym deep vy Jo uosueduwon

4 0g'0

L1} '!EIIrH

|
|
|
l

Figure A6.2

Comparison of H;s; goep With H 1531 toer Pdeey = 0.90 m
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Figure A6.3

‘OI'ICII-H
Comparison of Hysi deep With Hussi, toes haeep = 0.70 m
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Figure A6.4

Comparison of Hyo; deey With Hyoi toe, Baeep = 0.90 m
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Figure A6.5
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Figure A6.6

Comparison of H]/3f, measuren With Hl/j‘z', GLUKHOVSKIY ¢ hdeep =0.90m
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Figure AG.7

0.70 m

Comparison Of H}/J"i, MEASURED With HI./j’i, GLUKHOVSKITr hdeep
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Figure A6.8

Verification of ENDEC for slope 1:50
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Figure A6.9

| ULH

Comnarison of H.... with Hizi, Bgeen = 0.90 m
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Figure A6.10

Comparison of H,,; with H,, Naeep = 0.70 m






ANNEX 7

Mathematical formulation of modified Glukhovskiy distribution






MODIFIED GLUKHOVSKIY DISTRIBUTION

Klopman (1996) has used the modified Glukhovskiy distribution to relate
the H,, to H,; for extreme wave heights in shallow water. The following
lines give an outline of the mathematical formulation of this relation.

It is assumed that the extreme wave heights are distributed according to a
Weibull probability distribution, with the exceedance probability of the wave
height A given by:

I ©
P(H)="Prob{H > H}= exp{ —B[H—H—] (A7.1)

rms

The exponent " is assumed to be a function of the relative wave height
parameter 4"

d =%ﬂ (A7.2)

The parameterisation of x* is very much the same as for the Glukhovskiy
distribution:

=2 . (A7.3)
1- Bd
The n™ moment M, of the Weibull distribution is equal to:
M,=H" B?l‘[’—i + 1) (A7.4)
K

with /%) is the gamma function of x.

In order to have a consistent probabiiity distribution Af, has to be equal to
K. giving the following expression for B:

2 \TE
B= [r(—*ﬂ)] (A7.5)
K

Now the following relationships between several characteristic wave
heights can be formulated:

1
H, in(N)J:F
H “( B (A7)

s

Annex 7-1




I
r{ _ !,ln(S):I
HU} 3 K

H
Fins }—[ 2* + 1)
K

with Hy is the wave having an exceedance probability of P(Hy) = I/N
H.; the significant wave height (mean of the waves higher than Hj)
and a, x) is the incomplete gamma function.

(A7.7)

in order to be able to use the results of wave energy propagation models,
like ENDEC, H.., has to be related to the model output. This wave height is
assumed to be directly related to the surface elevation variance m, in the
same way as for the Rayleigh distribution of a narrow-banded Gaussian
process:

H, =4Jm, =\2H,, (A7.8)

The factor 4 has been set to a value of 0.7, which has been derived using
jaboratory data.
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Figure A8.1

Individual damage curves for Test 14
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Figure A8.2

Individual damage curves for Test 22 and 24
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Figure A8.3

Individual damage curves for Test 34
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Figure A8.4

Individual damage curves for Test 42
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Figure A8.5

Individual damage curves for Test 52
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Figure A8.6

Individual damage curves for Test 54
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Individual damage curves for Test 54h
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Figure A8.8

Individual damage curves for Test 62 and 64
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Figure A8.9

Individual damage curves for Test 74
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Individual damage curves for Test 84
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Individual damage curves for Test 92 and 94
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Figure A8.12

Influence of relative crest freeboard R/H,;, Front segment
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Influence of relative crest freeboard R/H,;, Crest segment
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Figure A8.14

Influence of relative crest freeboard R/H,;, Rear segment
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Figure A8.15

Influence of relative crest freeboard R/D,, Front segment
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Figure A8.16

influence of relative crest freeboard R./D,, Crest segment
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Figure A8.19

Influence of R/H,; for fixed damage levels s,,, = 0.035, Crest
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Figure A8.20

Influence of R/H,; for fixed damage levels s,, = 0.035, Rear
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Figure A8.21

Influence of R/H,; for fixed damage levels s,, = 0.055, Front
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Figure A8.22

Influence of R/H,; for fixed damage levels s, = 0.035, Crest
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Figure A8.24

Influence of R/D, for fixed damage levels s,, = 0.035, Front
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Figure A8.25

Influence of R/D, for fixed damage levels s,,, = 0. 035, Crest
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Figure A8.27

Influence of R/D, for fixed damage levels s,,, = 0.055, Front
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Figure A8.28

Influence of R./D, for fixed damage levels s,, = 0.0355, Crest
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Figure A8.29

Influence of R/D, for fixed damage levels s,, = 0.055, Rear
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Figure A8.30

Comparison between Tests 22 and 24
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Figure A8.31

Comparison between Tests 50a and 54a
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Figure A8.32

Comparison between Tests 62a and 6443
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Figure A8.33

Comparison between Tests 92 and 94
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Figure A8.34

Influence of placing density on damage, Front segment
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Figure A8.35

Influence of placing density on damage, Crest segment
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Figure A8.36

Influence of placing density on damage, Rear segment
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Figure A8.37

Comparison between Tests 40a, 50a and 62a
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Figure A8.38

Comparison between Test 54a and 64a






ANNEX 9

Figures and Tables for Chapter 11
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Figure A9.1

Damage after 3000 waves in comparison with eq. 11.1, Test 4
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Figure A9.2

Damage after 3000 waves in comparison with eqg. 11.1, Test 50
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Figure A9.3

Damage after 3000 waves in comparison with eq. 11.1, Test 54
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Figure A9.4

Influence of placing density on damage Front + Crest
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Influence of R/D, on amplification facor 4
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Stability formula for Front + Crest, average data points are used
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Stability formula for Eront + Crest, Test 7
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Figure A9.8

Stability formula for Front + Crest, Test 8
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Figure A9.9

Stability formula for Front + Crest, real data points are used
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Influence of s., on Van der Meer formula and eq. 11.7, Nou=0.2
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Influence of s,, on Van der Meer formula and eq. 11.7, Nja= 1.5
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three damage levels

Comparison between Van der Meer formula and eq. 11.7 for
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Figure A9.15

Stability formula, eq. 11.7, with 90 % confidence levels
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Design diagram for Rear, dependent on . 1),
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Comparison of stability of Front + Crest with Rear



tong storm od,leng siorm
Test N Nod N N ot short storm
deep front crest rear short storm front crest rear
401a 994 0.000 0.000 0.000 1.73
401b 2985 0.000 0.000 0.000
402a 1026 0.050 0.000 0.000 1.73 1.00
402b 3076 0.050 0.000 0.044
4033 005 0.100 0.000 0.177 1.73 1.50 1,75
403b 2990 0.150 0.000 0.309
4043 1028 0.650 0.500 1.677 1.29 3.16 5.10 2.84
404b 1702 2.051 2.551 4.766
405a 987 0.250 0.000 0.839 1.74 1.20 2.16
405b 2973 0.300 0.000 1.809
406a 1023 0.800 0.050 2.471 1.50 1.19 42.02 2.46
406b 2291 0.950 2.101 6.090
501a 1029 0.150 0.000 0.000 1.73 267
501b 3078 0.400 0.000 1.500
502a 1022 0.550 0.000 0.250 1.72 1.45 2.20
502b 3011 0.800 0.000 0.550
503a 1014 1.250 0.200 3.400 1.66 212 11.50 1.82
503b 2808 2.650 2.300 6.200
504a 1020 0.100 0.000 0.000 1.73 2.00
504b 3062 0.200 0.000 0.000
505a 1003 0.800 0.050 1.500 1.73 1.38 28.00 1.80
505b 3008 1.100 1.400 2.700
541a 901 0.000 0.000 0.000 1.73
541b 2706 0.000 0.000 0.000
542a - 914 0.200 0.000 0.000 1.73 3.50
542b 2734 0.700 0.000 0.000
543a 936 1.250 0.000 0.150 1.73 1.80 1.00
543b 2814 2.250 0.100 0.150
5443 916 0.150 0.000 0.000 1.73 1.33
544b 2751 0.200 0.000 0.000
545a 041 0.350 0.000 0.000 1.73 2.29
545b 2818 0.800 0.000 0.000
546a 944 1.000 0.000 0.100 1.73 1.60 1.00
546b 2816 1.600 0.000 0.100
547a 942 2.000 0.000 0.350 1.68 1.85 3.14
547b 2647 3.900 1.500 1.100
Average 1.68 1.88 21.66 2.02
St.Dev. 0.9 0.72 16.65 0.70
Relation between number of waves, N and damage number, Ny Table A9.1




Test

Dn

Som

Re/Dn

kA

Nod

Ns

Front

Rear

Front

Rear

82

0.050

0.044

0.037

1011

6.00

6.82

1.020

0.00

1.85

92

0.050

0.044

0.037

1011

6.00

6.82

1.020

0.20

2.29

92

0.050

0.044

0.037

1011

6.00

6.82

1.020

0.50

2.62

92

0.050

0.044

0.037

1011

6.00

6.82

1.020

1.00

290

92

0.050

0.044

0.037

1011

6.00

6.82

1.020

1.50

3.08

94

0.050

0.044

0.055

924

6.00

6.82

1.020

0.00

210

94

0.050

0.044

0.055

924

6.00

6.82

1.020

0.20

2.55

94

0.050

0.044

0.055

924

6.00

6.82

1.020

0.50

2.82

24

0.050

0.044

0.055

924

6.00

6.82

1.020

1.00

3.08

04

0.050

0.044

0.055

924

6.00

6.82

1.020

1.50

3.22

84

0.050

0.035

0.055

925

4.00

5.71

0.880

0.00

2.00

84

0.050

0.035

0.055

925

4.00

5.71

0.880

0.20

2.25

84

0.050

0.035

0.055

925

4.00

5.1

0.880

0.50

2.60

84

0.050

0.035

0.055

925

4.00

5.7

0.880

1.00

3.00

84

0.050

0.035

0.055

925

4.00

5.71

0.880

1.50

3.16

74

0.050

0.050

0.056

928

4.00

4.00

0.950

0.00

2.20

74

0.050

0.050

0.056

928

4.00

4.00

0.250

0.20

2.53

74

0.050

0.050

0.058

928

4.00

4.00

0.950

0.50

2.80

74

0.050

0.050

0.056

928

4.00

4.00

0.950

1.00

3.10

74

0.050

0.050

0.056

928

4.00

4.00

0.950

1.60

3.22

62

0.050

0.050

0.033

998

4.00

4.00

1.020

0.00

2.50

64

0.050

0.050

0.045

912

4.00

4.00

1.020

0.00

2.50

64s

0.035

0.035

0.053

913

570

5.M

1.020

0.00

2.05

64s

0.035

0.035

0.053

2913

5.70

5.7

1.020

0.20

2.35

64s

0.035

0.035

0.053

813

5.70

5.71

1.020

0.50

2.75

64s

0.035

0.035

0.053

913

5.70

5.7

1.020

1.00

3.22

64s

0.035

0.035

0.053

813

5.70

5.71

1.020

1.50

3.48

50a

0.050

0.050

0.038

1014

4.00

4.00

1.020

0.00

2.30

50a

0.050

0.050

0.038

1014

4.00

4.00

1.020

0.20

2.50

50a

0.050

0.050

0.038

1014

4.00

4.00

1.020

0.50

2.79

50a

0.050

0.050

0.038

1014

4.00

4.00

1.020

1.00

3.07

50a

0.050

0.050

0.038

1014

4.00

4.00

1.020

1.50

3.28

50b

0.050

0.050

0.038

2993

4.00

4.00

1.020

0.00

2.10

50b

0.050

0.050

0.038

2993

4.00

4.00

1.020

0.20

233

50b

0.050

0.050

0.038

2093

4.00

4.00

1.020

0.50

2.58

50b

0.050

0.050

0.038

2993

4.00

4.00

1.020

1.00

2.78

50b

0.050

0.050

0.033

2993

4.00

4.00

1.020

1.50

2.90

54a

0.050

0.050

0.055

028

4.00

4.00

1.020

0.00

2.23

54a

0.050

0.050

0.055

928

4.00

4.00

1.020

0.20

2.53

842

0.050

0.050

0.055

928

4.00

4.00

1.020

0.50

2.88

54a

0.050

0.050

0.055

928

4.00

4.00

1.020

1.00

3.25

S54a

0.050

0.050

0.055

928

4.00

4.00

1.020

1.50

3.50

54b

0.050

0.050

0.055

2755

4.00

4.00

1.020

0.00

2.23

54b

0.050

0.050

0.055

2755

4.00

4.00

1.020

0.20

2.36

54b

0.050

0.050

0.055

2755

4.00

4.00

1.020

0.50

2.53

54b

0.050

0.050

0.055

2755

4.00

4.00

1.020

1.00

2.79

54b

0.050

0.050

0.055

2755

4.00

4.00

1.020

1.50

2.95

54h

0.050

0.035

0.056

884

4.00

5.71

1.020

0.00

2.20

54h

0.050

0.035

0.056

384

4.00

5.71;

1.020

0.20

2.45

54h

0.050

0.035

0.056

884

4.00

5.71

1.020

0.50

2.73

54h

0.050

0.035

0.058

884

4.00

5.71

1.020

1.00

3.14

54h

0.050

0.035

0.056

884

4.00

5.71

1.020

1.50

3.30

40a

0.050

0.044

0.032

1009

4.00

4.55

1.020

0.00

2.70

Average data points for damage to Front + Crest

Table A9.2



Test

Dn

Som

Re/Dn

kA

Nod

Ns

Front

Rear

Front

Rear

40a

0.050

0.044

0.032

1008

4.00

4.55

1.020

0.20

2.89

40a

0.050

0.044

0.032

1009

4.00

4.55

1.020

0.50

3.02

405

0.050

0.044

0.032

1009

4.00

4.55

1.020

1.00

3.13

40b

0.050

0.044

0.032

2670

4.00

4.55

1.020

0.00

270

40b

0.050

0.044

0.032

2670

4.00

4.55

1.020

0.20

3.00

40b

0.050

0.044

0.032

2670

4.00

4.55

1.020

0.50

3.00

40b

0.050

0.044

0.032

2670

4.00

4.55

1.020

1.00

3.08

40b

0.050

0.044

0.032

2670

4.00

4.55

1.020

1.50

3.10

34

0.050

0.050

0.055

920

2.00

2.00

1.020

0.00

1.90

34

0.050

0.050

0.085

920

2.00

2.00

1.020

0.20

2.60

34

0.050

0.050

0.055

920

2.00

2.00

1.020

0.50

2.99

34

0.050

0.050

0.035

920

2.00

2.00

1.020

1.00

3.21

34

0.050

0.050

0.055

920

2.00

2.00

1.020

1.50

3.39

22

0.050

0.050

0.037

1033

0.00

0.00

1.020

0.00

2.15

22

0.050

0.050

0.037

1033

0.00

0.00

1.020

0.20

2.73

22

0.050

0.050

0.037

1033

0.00

0.00

1.020

0.50

3.20

22

0.050

0.050

0.037

1033

0.00

0.00

1.020

1.00

3.48

22

0.050

0.050

0.037

1033

0.00

0.00

1.020

1.50

3.60

24

0.050

0.050

0.056

930

0.00

0.00

1.020

0.00

2.30

24

0.050

0.050

0.056

930

0.00

0.00

1.020

0.20

3.20

24

0.050

0.050

0.056

930

0.00

0.00

1.020

0.50

3.50

24

0.050

0.050

0.056

830

0.00

0.00

1.020

1.00

3.62

14a

0.050

0.050

0.055

935

-1.00

-1.00

1.020

0.00

3.10

14a

0.050

0.050

0.055

235

-1.00

-1.00

1.020

0.20

3.45

14a

0.050

0.050

0.055

935

-1.00

-1.00

1.020

0.50

3.80

14k

0.044

0.044

0.056

941

-1.14

-1.14

1.020

0.00

3.22

14k

0.044

0.044

0.056

941

-1.14

-1.14

1.020

0.20

3.98

14k

0.044

0.044

0.056

941

.14

-1.14

1.020

0.50

4.43

14s

0.035

0.035

0.056

930

-1.43

-1.43

1.020

0.00

2.70

14s

0.035

0.035

0.056

930

-1.43

-1.43

1.020

0.20

3.05

14s

0.035

0.035

0.056

930

-1.43

-1.43

1.020

0.50

3.55

145

0.035

0.035

0.056

930

-1.43

-1.43

1.020

1.00

417

14s

0.035

0.035

0.056

930

-1.43

-1.43

1.020

1.50

4.45

Continued

Table AS.2




Test Dn Som| N Re/Dn kA |Nod| Ns

Front| Rear Front| Rear

921 0.050| 0.044| 0.037|1011] 6.00 6.82|1.020 0.00] 3.62

92! 0.0500.044| 0.037(1011] 6.00| 6.82|1.020/0.20}3.87

94:0.050{0.044 0.055| 924! 6.00| 6.82|1.020]/0.00|3.85

84 0.050| 0.050: 0.055| 925 4.00; 4.00)/0.880:0.00/3.05

84 0.050{0.050]0.055| 925 4.00] 4.00/0.880,0.20)3.20

84! 0.050|0.050{ 0.055| 925 4.00| 4.00/0.880|0.50|3.39

84h| 0.050)0.035|0.055| 925 4.00| 5.71/0.880{0.00({3.45

84h| 0.050| 0.035| 0.055| 925 4.00; 571]|0.880]0.20; 3.63

84h| 0.050| 0.0350.055| 500| 4.00| 5.71)|0.880)0.50| 3.82

74| 0.050!0.050|0.056, 928\ 4.00; 4.00|0950|0.00|3.10

74/ 0.050,0.050{0.056, 928 4.00| 4.00)0.950|0.20|3.50

62! 0.0500.050,0.033; 998, 4.00| 4.00,1.020(0.00|2.65

62| 0.050/0.050/0.033| 998| 4.00| 4.001.020(0.20|2.78

62! 0.050|0.050|0.033| 998| 4.00| 4.00/1.020:0.50|2.85

621 0.050/ 0.050)|0.033| 998] 4.00| 4.00|1.020 £.00{2.90

64)0.050/0.050)| 0.045| 912| 4.00| 4.00|1.020/0.00|2.830

64s| 0.035/0.035|0.053| 913 5.71| 5.71/1.020/0.00/3.50

50a) 0.050/0.050)/0.038/1014; 4.00| 4.00|1.020|0.00|2.80

50a| 0.050| 0.050) 0.038/1014| 4.00| 4.00}1.020|0.20|2.88

50a] 0.050| 0.050;0.038(1014| 4.00. 4.00(1.020|0.50|2.93

50a) 0.050)| 0.050/ 0.038,1014| 4.00; 4.00|1.020|1.00|3.00

§0a| 0.050)| 0.050/ 0.038 1014, 4.00; 4.00|1.020{1.50|3.08

50b| 0.050) 0.050| 0.038,2993| 4.00] 4.00|1.020{0.00|2.80

50b| 0.050)| 0.050| 0.038,2993| 4.00| 4.00|1.020{0.20|2.83

50b| 0.050] 0.050; 0.038/2993; 4.00| 4.00|1.020|0.50|2.89

50bi 0.050! 0.050| 0.038/2993| 4.00| 4.00{1.020]1.00/2.83

50b| 0.050| 0.050| 0.038/2893| 4.00| 4.00|1.020;1.50|3.00

54a| 0.050i 0.050| 0.055! 928| 4.00| 4.00;1.020]0.00|3.08

54a| 0.050{ 0.050| 0.055; 928| 4.00| 4.00|1.020;0.20|3.41

54b| 0.050; 0.050| 0.055:2755| 4.00| 4.00( 1.020|0.00|3.08

54b| 0.050!1 0.050| 0.055;27556] 4.00| 4.00|1.020]0.20]3.20

54b| 0.050: 0.050| 0.055|2755| 4.00| 4.00|1.020|0.50|3.39

54b| 0.050! 0.050| 0.055/2755| 4.00) 4.00(1.020|1.00|3.53

54h| 0.050{0.035|0.056| 884| 4.00; 5.71|1.020/0.00|3.85

54h| 0.050: 0.035|0.056| 884| 4.00| 5.71|1.020(0.20{4.00

54hi 0.050,0.035|0.066| 884| 4.00; 5.71/1.020/0.50{4.20

54h| 0.050| 0.035| 0.056| 884| 4.00] 5.71;1.020,1.00]| 4.40

54h| 0.050| 0.035/0.056| 884' 4.00| 5.71/1.0201.50/4.55

40a| 0.050| 0.044 0.032| 1009, 4.00| 4.53(1.020;0.00/3.10

40a| 0.050/ 0.044|0.032| 1009 4.00| 4.53|1.020/0.20;3.18

40a) 0.050| 0.044| 0.032| 1008| 4.00! 4.53/1.020]|0.50|3.28

40a| 0.050| 0.044:0.032|1009| 4.00| 4.53/1.020)1.003.39

40a| 0.050| 0.04410.032;1009| 4.00( 4.53{1.020!1.50|3.50

40b| 0.050)| 0.04410.032;2670| 4.00| 4.53;1.020,0.00|3.10

40b} 0.050|0.044|0.032|2670| 4.00! 4.53/1.020,0.20|3.15

40b; 0.050|0.044)| 0.032|2670| 4.00{ 4.53|1.020|0.50|3.20

40b| 0.050,0.044|0.032|2670| 4.00| 4.53/1.020|1.00{3.25

40b| 0.050] 0.044) 0.032| 2670; 4.00| 4.53/1.020}1.50|3.31

34/ 0.050(0.050, 0.055| 920; 2.00| 2.00{1.020/0.00|2.50

34| 0.050|0.050) 0.055| 920! 2.00] 2.00{1.020,0.20|2.75

34| 0.050]0.050{ 0.055| 920| 2.00| 2.00)1.020|0.50{3.00

34/0.050|0.050/0.055| 920| 2.00| 2.00;1.020(1.00;3.33

34| 0.050/ 0,050 0.055; 920, 2.00| 2.00) 1.020}1.503.45

22! 0.050| 0.050, 0.0371033| 0.00| 0.00{1.020/0.00(2.20

241 0.050) 0.050{ 0.056| 930| 0.00| 0.00{1.020|0.00|2.50

14s| 0.035|0.035/ 0.056| 930( -1.43 -1.43[1.020{0.00{4.40

Avsraae data points for damage to Rear Table A9.3



Test [Tm |Nod Som {N=1000) [Som {N=3000) |Ns (N=1000) |Ns (N=3000)
1]1.40 0.0 0.033 0.033 1.67 1.67
2| 1,40 0.5
3[1.40 15
41.70 0.0 0.023 0.023 1.75 175
5/1.70 05 0.034 0.030 2.54 2.26
6/1.70 i5 0.039 2.92
7[2.20 0.0 0.019 0.018 237 2.26
8|2.20 05 0.024 0.022 2.95 2.74
9|2.20 15 0.028 0.025 3.53 3.15
10[2.95 0.0 0.010 0.010 2.15 2.15
11/2.95 05 0.014 0.012 3,14 274
12[2.95 15 0.016 0.015 3.56 3.27
13[1.40 0.2 0.044 0.041 2.21 2.06
14]1.70 0.2 0.028 0.027 2.12 2.00
15[2.20 0.2 0.022 0.021 2.71 2.58
16/2.95 0.2 0.012 0.011 2.79 2.45

Average data points Test H462-ll (1887)

Table AS.4







