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Summary

In coastal regions where the land is sensitive to erosion, but also for harbours and ports,
numerous types of defensive structures have been developed to protect it from the effects of

incident waves.

Most common are uniform sloped breakwaters, build-up of a rubble mound core and a two-
layered armour layer, Figure [Th. An other type is a ’berm breakwater’, Figure [Ic. The
berm reduces the impact and run-up of the incident waves and the slope may deform to
a S-curved profile. Therefore it requires smaller armour stones then necessary for uniform
sloped breakwaters. For both types of breakwaters design formulae or design guidelines are

available.

More recently breakwaters have been constructed which combine the stability characteristics
of a conventional two-layered uniform sloped breakwater with the wave energy dispersive
character of a berm breakwater. This type is referred to as a 'breakwater with a bermed

slope’ or a 'bermed sloped breakwater’, Figure [Tp.

) (b) ()

(a

Figure 1: Cross-section breakwaters

The hydraulic load due to waves on a bermed slope are not similar to the hydraulic load
on an uniform slope. The stability of the armour layer of a bermed sloped breakwater can
therefore not be predicted with conventional design formulae developed for uniform sloped
breakwater. Furthermore, the design guidelines developed for berm breakwaters are also not
applicable as they evaluated damage through the assessment of the reshaping profile. There-
fore design of bermed sloped breakwaters is based on experience without fully understanding
the influence of the governing parameters of a berm, on the stability of breakwater armour

layers. Consequently this doesn’t always result in the best possible design.
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In order to develop more insight in the development of damage on bermed sloped breakwaters,
small-scale experiments have been performed in which the two most important parameters
related to a berm were tested. These governing parameters were the relative berm length
and the relative water level with a range of respectively 0.00 < B/L,,—1, < 0.35 and —0.8 <
R, / H,0 <0.7.

In order to validate the recorded damage, assessment by means of the number of displaced
stones, with the predicted damage by the stability formulae small-scale experiments were
performed on an uniform sloped breakwater. Three stability formulae were compared; Hudson
(1953} 11959), Van der Meer| (1988)) and Van Gent et al. (2003). All predicted the development
of damage rather well. However, as the influence of the wave period on the development of
damage was unclear, it was chosen to use the formula of [Van Gent et al| (2003)) to express

the damage on an uniform slope, Figure [2h.

4 T124x-sop=1.5% ®m  Testseries 1
. T123x- s0p=3.0% Example of damage development trajectories o Testseries?
Uniform slope & Van Gentformula | . | .
P o T122x-s0p=4.0% Uniform slope * 1D
Uniform slope

Damage development

Van Gent

2.50 3.00 3.50 4.00

250 3.00 3.50 4,00 0.00 0.50 1.00

50 2.00 2.00
HmO/(ADN50) HmO/(ADN50)

(a) Stability formula of Van Gent (b) Stability increase factor

Figure 2

On the development of damage on a bermed sloped breakwater the following conclusions were

made:

1. The development of damage on a bermed slope has a similar, but more stable, trajectory
as predicted for an uniform slope with the stability formula of Van Gent. The increase in

stability can be indicated with a constant factor (rp), Figure [2p.

2. The damage level parameter for 'start of damage’ and ’failure’ on a bermed slope are
independent of the governing parameters and correspond to the values of an uniform sloped

breakwater.

For all test series the increase in stability factors and the governing parameters were deter-
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mined for the damage level ’start of damage’. Unfortunately damage was mainly created on
the lower slope and berm and hardly any on the upper slope. Therefore further analysis only

focused on the lower slope and berm.

All test series showed an increase in stability with regard to an uniform slope as predicted by
the formula of Van Gent. For an interpretation of the influence of the governing parameters
on the stability the test results are plotted in Figure 3] Conceivable trendlines are drawn for
constant values of R./H,o and B/ L.
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Figure 3: Influence of the governing parameters with conceivable trendlines

On the influence of the governing parameters the following conclusions were made:

1. When regarding constant values of R./H,,o the test results show, for initial values of the
relative berm length, an increase in stability as B/Ly,,—1 increases. As the relative berm

length gets increasingly larger, the increase in stability indicates a horizontal limit.
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2. The range for which the relative berm length has a positive contribution on the increase
in stability is strongly related to the relative water level. For R./H,,o < 0 this range is small
but it widens quickly as the water level approaches the berm level. As the water level on the

berm increases, it gradually becomes smaller again.

A research by WL|Delft Hydraulics (Vermeer| (1986)), which performed similar tests but for
R./Ho > 0.9, showed different results. The development of the increase in stability for
constant values of the relative berm length showed a peak at B/L, = 0.15, Figure This
peak seemed to flatten out as the water level on the berm became smaller. This process
could possible link the findings of this study to the findings of |Vermeer| (1986)), however, more

research has to be done to confirm this hypothesis.

Finally the two design principles, which in practice are used as indication of the increase in
stability, were validated with the results of this study, Figure 4l The first principle applies
stability formulae for uniform slopes on the average slope of a bermed profile. The second

principle adopts the characteristics of low-crested structures on the bermed profile.

------ Principal 1: Berm 0.3m
Stability overview - Nod=1.5 PrinciSal 1: Berm 0.6m
‘Start of damage* Principal 2: sop=1.5%
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D < Re/HMO Principal 2: sop=4.0%
o
1.60
*
'y
1.50 +
1.40
o)
= A
1.30
u
[=]
-1.50 RC/HmMO 0.50 1.00 1.50 2.00
.
Figure 4

The correlation between the predicted increase in stability and the results of the test series was
very low. Apparently the complexity of the processes related to the (in)stability of armour
layers on a bermed slope can not be overcome by means of the design principles. This is
most probably caused by the influence of the return current, which has large impact on the
stability, is not accounted for. Therefore both principles are not well suited to predict the

increase in stability of armour layers on bermed slopes.
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Chapter 0. List of Symbols X

P Porosity of the rock (-
D Increase in stability factor (-
D Reduction factor of armour stones size (-
Sy Non-dimensional damage, Sy = A/ D72z50 (-
S Wave steepness, s = H/L (-
50 Wave steepness, defined as Hy/L, = 2nH,/(gT2) (-
Som Wave steepness for mean period wave, som = 27 Hy/(gT2) (-
Sop Wave steepness for peak period wave, s, = 27 H,/ (ng2) (-
Sp Wave steepness at toe for peak period wave, s, = Hy/L, (-
sm—10 Wave steepness for mean energy period, s;—1.0 = 27 Hpmo/ (912 _1 ) (-

T Wave period
T Mean wave period

Tim—1,0 Mean energy wave period or spectral wave period,

N N N N
»n

T, Spectral peak period, inverse of peak frequency S
a Structure slope angle °
A Relative buoyant density of material, ie for rock A = (p, — pw)/pw (-
I3 Surf similarity parameter or Iribarren number, £ = tana/,/s, (-
Eor Critical surf similarity parameter, Van der Meer formula (-
Em Surf similarity parameter or Iribarren number for mean wave period Tm (-
P Mass density (kg/m3
Pr Mass density of rock (kg/m3
Puw Mass density of water (kg/m?

w Angular frequency of waves, w = 27 /T (1/s
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Chapter 1

Introduction

1.1 General

In coastal regions where the land is sensitive to erosion, but also for harbours and ports,
numerous types of defensive structures have been developed to protect it from the effects of

incident waves and longshore drifts. One of these defensive structures is a breakwater.

A wide range of different types of breakwaters exist, but most common is the rubble mound
type. In essence a rubble mound breakwater exists out of a rubble core protected on the
outside with a heavier layer, the armour layer. Generally this layer is constructed from

heavier stones but specially designed concrete elements are also possible.

N

(a) Uniform slope (b) Bermed slope

Figure 1.1: Cross-section breakwater

Great advantage of this type of breakwater is that they are relatively simple and therefore
relatively cheap to build. Also repair works are straight foreword and due to settlements of
the armour layer the construction has a self repairing capability. A drawback is the quadratic

increases of material as the depth increases.

In general the seaward side of a breakwater is uniform sloped, Figure [I.Th. Construction of
this type of breakwater is straight foreword and therefore often the most economic solution.
However, in some circumstances it can be more economic to construct a bermed slope instead
of a uniform slope, Figure[I.Ip. The berm reduces the impact and run-up of the incident waves

and therefore requires smaller armour stone then necessary for uniform sloped breakwaters.
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1.2 Stability formulae

On the stability of breakwater armour layers lot of research has been done which concentrate
on the stability of stones on a slope. In this a distinguish can be made between stability due
to currents, waves or a combination of the two. The impact of the incident waves is most
often normative for the design and therefore this study will only concentrate on this type of

hydraulic loading.

The complexity of the process underlying the (in)stability of individual stones created by the
water movement of breaking waves on a slope make it very difficult to express the interaction
of forces into a theoretical model. Therefore a number of empirical formulae have been
developed, all based on results of small-scale experiments. In these formulae stability of
individual stones are often defined by a ratio of the unit size (weight/length scale) and the

wave height.

Greater part of these formulae describe the stability of stones on an uniform non-overtopped
slope, but also for other types of structures like low-crested, submerged and reef breakwaters
formulae have been developed. In practice these structures are often designed with a rubble

mound core protected by a two-layer armour layer which is required to be almost statically
stable for design wave conditions.

— ok

(a) Berm breakwater, reshaping (b) Berm breakwater, Icelandic ~ (c) Breakwater with bermed slope

Figure 1.2: Bermed sloped breakwater

On breakwaters with a bermed slope research has mainly been focused on ’berm breakwaters’
resulting in several design guidelines presented by PIANC]| (2003)). This type of breakwater
offer great flexibility as design can be ’supply based’ and not necessarily ’demand based’. In

other words, optimum use can be made of the in the surrounding area available stone.

Two types of berm breakwaters are most common; 1. Berm breakwater with a homogenous
berm, Figure [[.2h. The slopes of this type will reshape for design wave conditions to a
statically stable or a dynamically stable profile. 2. Multi-layer berm breakwater, also known
as an 'Icelandic breakwater’, Figure [[.2b. This is a non-reshaping statically stable berm
breakwaters which allows a better use of the quarry stone material then the homogenous

berm breakwater.

An other type of breakwater combines the stability characteristics of a conventional two-
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layered uniform sloped breakwater with the wave energy dispersive character of a berm
breakwater. This type is referred to as a ’breakwater with a bermed slope’ or ’bermed sloped
breakwater’, Figure [I.2k.

The stability of the armour layer of a bermed sloped breakwater can not be predicted with
conventional design formulae for uniform sloped breakwater as the hydraulic loads are not
similar. The design guidelines developed for berm breakwaters are also not applicable as
they evaluated damage through the assessment of the reshaping profile. Therefore design of
bermed sloped breakwaters is based on experience without understanding the influence of the
governing parameters of a berm, on the stability of breakwater armour layers. Consequently

this doesn’t always result in the best possible design.

1.3 Problem description

Over the past years exceptional land reclamation projects have been executed to extend
the shore line of Dubai. To protect these projects from erosion, breakwaters have been
constructed. The building materials for these breakwaters were supplied by several quarries

in the region.

From the client severe requirements on the maximum amount of overtopping and maximum
crest level were imposed to insure good conditions for buildings along the shore line. These
requirements in combination with the available stones from the quarries, made certain location
unsuitable for uniform sloped breakwaters as very gentle slopes were required to reduce the
run-up. In order to find a solution the application of berm breakwaters and a bermed sloped

breakwaters was investigated.

The requirement on the stability of the breakwater armour layer was expressed with a damage
level parameter of Sy = 2-3, corresponding to ’start of damage’. To meet this requirement
only statically stable structures were possible and therefore reshaping berm breakwaters were
ruled out. Breakwaters with a bermed slope - the hybrid form between a uniform slope

breakwater and a berm breakwater - offered the solution.

As mentioned no design formulae or guidelines are available for this type of breakwater.
Design is therefore based on experience and design principles. To verify if a proposed design

meets the requirements small-scale test are performed and if necessary adjustments are made.

Disadvantage of this method is that structures are designed without fully understanding the
physics behind the process of breaking waves on a bermed slope. Therefore its influence on
the stability of the armour layer can possibly be estimated incorrect which can lead to a

failing design. As a result more expenses are made on design and testing than necessary.
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1.4 Problem definition

At present projects are developed for which the imposed requirements, like a low crest level
and minimal overtopping, create the need to design statically stable non-reshaping breakwa-
ters with a bermed slope, Figure [1.2c. This type of structure is preferred as it limits the
run-up of incident waves if the berm is designed at the same level as the water level by which

the requirement can be met.

However, no design formulae or guidelines are available for this type of breakwater and there-
fore design is based on experience without understanding the influence of the governing pa-
rameters related to a berm, on the stability of breakwater armour layers. Consequently this

doesn’t always result in the best possible design.

Therefore a better understanding of these governing parameters is needed to develop design
guidelines, and eventually a design formula, to predict the stability of breakwaters armour

layers on a bermed slope.

1.5 Research objectives

In a first step this study will investigate former stability researches and determine whether
or not they can be related to the stability of armour layers on a bermed slope. In addition it
will concentrate on creating more insight on the development of damage on a bermed slope

and the physics underlying this process.

With these results the influence of the governing parameters related to a berm, on the stability
of breakwater armour layers will be determined. Finally the correlation between the design

principles and the new insights will be determined and if possible improved.

1.6 Outline

This report will begin in Chapter [2] with a study on stability researches which can be related
to stability of bermed slopes. After this Chapter 3| will give an outline of the model set-up and
the performed test series. The wave conditions and the properties of the tested breakwaters
will be discussed as well as the methods which are applied to measure the wave conditions

and the damage.

The results of the test series will be analysed in Chapter 4l A distinction is made between

the damage development on an uniform sloped breakwater and a bermed sloped breakwater.

The results will be used to determine the influence of the governing parameters on the stability.

These will be compared with the findings of a similar research. Two design principles will be
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discussed which in practice are used to obtain an indication of the influence of a berm on the

stability.

Finally the conclusions of this study accompanied with some recommendations for further

research are presented in Chapter
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Chapter 2

Literature study of the theory

2.1 Wave properties

In this study the stability of armour stone is related to the impact of the incident waves.
The wave conditions are principally described with the following governing parameters; the

incident wave height, the wave period and the water depth.

The wave height, H (m), is defined as the difference between the maximum and minimum
elevations of the sea-surface (peak to trough wave height) over the duration of the wave. This
duration is called the period, T' (s), in the time domain and the wavelength, L (m), in the

spatial domain, Figure [2.1

z \m) Celerity C z,(m)
Crest . _ Crest
Wave
height H X(m) H t(s)
\ Trou TTOUGJ
Wave length L Period T

Water depth h
Sea bottom

/a) Surface profile in space

(b) Surface profile in time

Figure 2.1: Definition sketch for individual wave parameters

For an individual wave one can use the angular frequency w = 27/T (rad/s) to describe
the temporal periodicity, and the wave number, k = 27/L (rad/m), to describe the spatial
periodicity. The parameters describing spatial periodicity (k or L) are related to the param-

eters describing temporal periodicity (7" or w), together with the water depth, h (m), by the

7



Chapter 2. Literature study of the theory 8

dispersion relation, which for the case of linear (small amplitude) wave theory is given by
Equation 2.1}

w? = gktanh(kh) (2.1)

When the water depth and wave period are known, the determination of the wavelength
requires the resolution of the implicit Equation [2.1} For deep-water or short wave approxi-

mation, corresponding to a large value of kh, this wavelength is approach by L, = ¢T?/(27).

Based on the above the relation between the wave height and the wavelength, defined as the

wave steepness, S, (-), is given with Equation

2 H

— H/L,= L 2.2
So /o gT2 ( )

Breakwaters are commonly not designed with respect to one individual wave - a so-called
maximum wave - but are based on the characteristic values of sea-states. Therefore the
incident wave height is usually given as the significant wave height. This can be based of a
time domain analysis (H,/3) or a spectral analysis (H,,0). The wave period can be given as

either the mean period, 7}, the mean energy period, T;,,—1,0, or the peak period, T,.

2.2 Waves on slopes

To describe wave action on a slope, and some of its effects, a useful parameter is the surf
similarity or breaker parameter, £ (-), also known as the Iribarren number, Equation In
Battjes| (1974) this surf similarity parameter is used to describe the shape of waves breaking

on a beach or structure, Figure [2.2

€ =tana/\/so (2.3)

L T T — : s o

" Surging "Col\apsing Plunging

Figure 2.2: Breaker types as a function of the surf similarity parameter

The surf similarity plays a roll on the reflection of a wave by a structure and is therefore

related to the stability of stones on a slope. Energy that is not reflected or transmitted, is
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absorbed on the slope and this absorption is always at the expense of the protection. A low &
means little reflection given a certain wave creating more absorption which is an unfavourable
loading situation for an armour layer. However, the energy absorption per m? is lower and

the final result is therefore more favourable.

2.3 Stability concepts

2.3.1 General

The principle of conventional design methods is to prevent the initial movement of rock by
defining threshold conditions. If there is an imbalance between the hydraulic loading and
stabilizing forces it will lead to instability of the armour layer. Some of the parameters used
to evaluate this hydraulic stability of rock structures consist of combinations of hydraulic

(loading) parameters and material (resistance) parameters.

2.3.2 'Wave impact

In the case of wave impact on a sloping structure an important parameter is the stability
number, Ng (-). This gives a relationship between the armour properties and the wave

conditions, Equation [2.4]
Ny = — (2.4)

where H (m) is the wave height usually given as a significant wave height H, or H,9, A (-)
is relative buoyant density, described by Equation and D (m) is the characteristic size or

diameter of the armour stone.

Pr — Pw
A=——"—— 2.5
Pw ( )

Normally the diameter used for armour stone is the median nominal diameter, D59 (m),

defined as the median equivalent cube size, Equation [2.6
Dyso = (Mso/pr)'/? (2.6)

where p, is the mass density of the rock (kg/m?), p, is the mass density of water (kg/m?)

and Ms5g is the median of the mass distribution.

By substituting the median nominal diameter and the significant wave height, the stability
parameter, H/(AD) or stability number, Ny (-), takes the form:
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(2.7)

2.3.3 Response of the structure

This study deals with non-reshaping statically stable breakwater with a berm, thus the armour
layer is required to be almost statically stable for design wave conditions. This is similar to
the requirements for a conventional rubble mound breakwater. Damage can be described

with two types of damage parameters:

1. Damage to the armour layer can be given as the number of displaced stones, Ny (-), related
to a certain area, eg. the entire layer or part of it. In order to quantify the damage independent
of the width of the area in consideration the non-dimensional damage level parameter N,q is

used. This is defined as the number of displaced rocks per width Dsy across the armour face,
Equation 2.8

number of displaced rocks out of armour layer

N pu—
od width of tested section/ D50

(2.8)

2. Another possibility is to describe the damage by the erosion area of the cross-section. When
this erosion area, A, (m?) is related to the stone size, a non-dimensional damage level Sy can
be determined which is independent of the slope angle, length and height of the structure,
Equation [2.9] This damage level parameter can physical be described by the number of cubic

stones with a side of D,50 eroded within a D59 wide strip of the structure, Figure [2.3

(2.9)

R - filter layer
===~ initial slope

——— profile after 3000 waves

54
)

Erosion area Ae

Distance (m)
=)
o
T

o
i

Damage Sg = Ae/D}so

0.2 ] | I I |
1.0 15 20 2.5 3.0 35

Distance (m)

Figure 2.3: Damage level parameter S; (-) based on erosion area A, (m?)
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2.4 Empirical theories for uniform slopes

2.4.1 General

Over the last 70 years many empirical methods have been developed to predicted the stability
of stones on a slope under wave attack. First research was done by Iribarren| (1938) which con-
sidered the equilibrium of forces acting on a block place on a slope. After him [Hudson| (1953,
1959)) systematically investigated the stability of rubble slopes for over 10 years and proposed
an expression as the best fit for the complete set of experiments. The model tests were based
on regular waves on non-overtopped rock structures with a permeable core. Although regular

waves were applied his expression is still widely used up to today.

Due to the introduction of wave generators that can generate irregular waves according to a
certain predefined spectrum several researchers attempted to overcome shortcomings of the

Hudson approach.

In 1988 Van der Meer presented a reliable formulae to predict the stability of stones on an
uniform slope with a crest level above the maximum run-up level. These formulae were based
on a large amount of model tests, of which the majority were performed with relatively deep
water at the toe. These stability formulae are more complex than the Hudson formula, but
- as a great advantage - do include the effect of storm duration, wave period, structure’s

permeability and a clearly defined damage level.

In practice coastal structures are not always built in deep water. Therefore, it was desired to
extend the range of application of the stability formulae such that they can be applied not
only for deep water but also for shallow water. In more recent works [Van Gent et al. (2003)

formulae are derived to overcome this problem.

2.4.2 Hudson

Hudson| (1953, [1959)) developed a stability formula based on model tests with regular waves
on non-overtopped rock structures with a permeable core. It gives the relationship between
the median weight of armour stone, W5y (N), the wave height at the toe of the structure, H
(m), and the various relevant structural parameters. This stability formula, widely known as
the Hudson formula, is presented here in SI units instead of the original units and related
notation, Equation [2.10]

pgH?

Wy = P9
50 KpA3cota

(2.10)

where Kp is the stability coefficient (-), p, is the apparent rock density (kg/m?), A is the

relative buoyant density of the stone (-) and « is the slope angle (-).
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The main advantage of the Hudson formula is its simplicity. However its use is limited as the
storm duration and a description of the damage level are not included. Furthermore the tests

were only performed with regular waves on permeable structures.

40 T
=== Hudson (1953, 1959). Kp =1
—— Hudson (1953, 1959), Kp =4
35 --++ Hudson (1953, 1959) Kp = 8
s Van der Meer (1988b): Permeable core

Van der Meer (1988b): Impermeable core
30 = Van Gent ef al (2004} Permeable core
o Van Gent el al (2004); Impermeable core

23

)

20

15

10

3.0

H./ADpsg . (cota)™

Figure 2.4: Accuracy of stability formula for three KD-values

For practical application some of the problems that may arise due to these limitations can be
overcome by using one of the various specific values of the stability (or damage) coefficient,

K p; this particularly applies to permeability of the structure and the wave spectrum.

The original Hudson formula can be rewritten in terms of the stability parameter, N; =
H;/(ADy50). The relationship between this stability number, the structure slope and the
stability coefficient Kp is given in Equation [2.11

Hy, (KDcota)l/?’ (2.11)
ADys 1.27 '

It is also possible to include Equation the damage level parameter Sy.
(1988)) proposed to use Equation as the expression for the stability number, Nj.

H; _
ADys0

0.7 (K pcota)'/? 8915 (2.12)

Figure shows all data gathered by [Van der Meer| (1988)) and [Van Gent et al| (2003)
compared with (the re-written) Equation for three Kp-values. Three curves are shown:
for Kp =1, Kp = 4 and Kp = 8. For structures with a permeable core it can be concluded
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that Equation with Kp = 8 can be used to describe the main trend through the data,

however, for design purposes Kp = 4 is used.

The simplicity of the Hudson formula manifests itself in a large amount of scatter. Apparently
the diversity of the parameters included in the formula are not sufficient to comprehend the

complexity of the stability process.

2.4.3 Van der Meer

The formulae of Van der Meer| (1988)) are based on the work by Thompson & Shuttler| (1975).
Large amount of tests were performed with relative deep water at the toe. These formulae

make a distinction between ’plunging’ and ’surging’ conditions:

For plunging conditions, (§m, < &r):

H H —1 S 0.2
S — P0.18 2% 7d . —0.5 21
ADpy ~ ( H, UN) e (2.13)

For surging conditions, (&, > & ):

Hs _ . po1s(Haw B Sa_ " P
AD. =csP <Hs Wi Veota- &, (2.14)

where Hg (m) is the significant height of the incident waves at the toe, P (-) is a parameter
that takes the influence of the permeability of the structure into account (Figure[2.5)), N (-) is
the number of incident waves, A (-) is the relative buoyant density, &, (-) is the surf-similarity
parameter using the mean wave period T}, (s) from the time-domain analysis, and « (rad) is

the structure slope.

The transition from plunging conditions (§,, < &) to surging condition (&,, > &) can be

calculated with Equation |2.15] using the critical breaker parameter &.,.:

1
(P10.5)
o = <CplP0'31\/tana> (2.15)

Cs

The surf-similarity parameter, &, (-), can be calculated with Equation for which the

deep-water wavelength is replaced by the mean wave period, T, (s).

In [Van der Meer| (1988)) the ratio Hag/H for relatively deep-water wave conditions at the
toe can be replaced by the factor 1.4. For slopes more gentle than cota > 4, [Van der Meer

recommended using Equation [2.13] irrespective of the surf-similarity.
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Dnsoa / Dnsor = 2.0
Dnsor / Dpsoc = 4.0

no filter
Dnsoa / Dnsoc = 3.2 no core

Figure 2.5: Notional permeability factor P for the formulae by |Van der Meer| (]1988[)

2.4.4 Van Gent

In|Van Gent| (1999, |2001) it is shown that wave run-up and wave overtopping can be described
best with the spectral wave period T},—10. From the results by [Smith et al|(2002) and Van|
\Gent et al|(2003) it was determined that this is also the case for stability. This is consistent

with earlier work on the influence of wave energy spectra on processes on coastal structures.

To extend the field of application - including shallow foreshores - of the stability formulae by

Van der Meer| (1988) this spectral wave period is used instead of the mean wave period from

the time domain analysis to take the influence of the spectral shape into account. Therefore
the coefficients are re-calibrated to ¢,; = 8.4 and ¢, = 1.3 and exceedence levels of 5% are

adapted.

Beside these modifications Van Gent et al.| (2003)) concluded that the influence of the wave

period is small compared to the amount of scatter in the data due to other reasons. Also the

influence of the ratio Hyg / H, is considerd small. Therefore a more simple stability formula is
presented in which the influence of the wave period and Hyy,/Hg have been omitted, Equation
2.10)

1/5
= 1.75cota®? (1 + Dnso—core/ Dnso) (\Zv) (2.16)

H,
ADys50

The influence of the permeability of the structure is incorporated by using the ratio between
the diameter of the core and the diameter of the armour material: Dy50—core/Dnso. The

influence of filters located in between the core and armour layer is not accounted for in this
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ratio. Furthermore, the influence of the number of waves and the parameter Hy/AD, 5 are
the same as found by [Van der Meer| (1988).

2.5 Empirical theories for special structures

2.5.1 Low-crested structures

The formulae in Section were derived for non-overtopped slopes. When slopes are over-
topped, there is a certain wave transmission. This means that not all energy will be dissipated
on the slope and thus the stability of the armour stone will increase. This type of structures,

also called low-crested structures, Figure |[2.6] can be subdivided in:

1. emergent structures with crest level above still water level: R, > 0

2. submerged structures with crest level below still water level: R, < 0.

Emergent structures

A part of the wave energy can pass over the breakwater reducing the impact of the incident
waves on the front slope. In contrast to non-overtopped structures - where waves mainly
affect the stability of the front slope - the stability of crest and rear slope are also affected
for low-crested structures. The stability of the armour stone on these segments is therefore

more critical for overtopped structure than for non-overtopped structures.

?Rc>0 ——
I

Figure 2.6: Low-crested structure

The stability of the armour stone on the front slope of a low-crested emergent structure
can be related to the stability of a non-overtopped structure. This can be achieved by first
calculating the nominal diameter, D50 (m), required for the armour stone with one of the
design formulae presented in Section and then applying a reduction factor, rp (-), on this

nominal diameter. In Van der Meer| (1990) a relation for this reduction factor is derived,

Equation 2.17}
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R, /s -t
=(125-48=2,/=2 2.17
D < Hy 27r) (2.17)

where R, (m) is the crest freeboard, and s,, (-) the wave steepness in deep water, based on the
peak wave period, T}, (s). The minimum value of the reduction factor is 0.8 and the maximum
is 1. This formula gives an estimate for the reduction of the required stone diameter on the
front slope. For the crest and the rear side a similar size of material or larger material may

be required.

Submerged structures

Large part of the wave energy is distributed onto the crest and the rear slope of the structure
and less on the seaward slope. Damage is therefore also shifted onto the crest. For that reason
Van der Meer| (1990]) suggests to exclude the slope angle as being a governing parameter for
stability, Equation [2.18

H, 1 he
= T —— ") ys, 2.18
ADns n(2.1+0.15 h) °r (2.18)

where s, (-) is the local wave steepness based on the peak wave period, h (m) is the water

level measured for the toe of the construction and h. (m) is the height of the structure.

Note: The relation for emergent and submerged structures have been established separately
and should be used with caution. Further research is needed in order to establish an overall

relation for the stability of low-crested structures.

2.5.2 Bermed sloped breakwaters

In a research by WL|Delft Hydraulics (Vermeer| (1986)) the stability of armour stone on a
uniform slope was compared to the stability of the armour stone on a bermed slope for similar
wave conditions. A distinction was made between the berm material (lower slope and berm)
and the upper slope. The development of damage was determined for various series of tests
in which the wave height was increased for each test and the ratio between the berm length

and the wavelength, or relative berm length, B/L,,, was kept constant.

An edit version of the results of this research is presented in Figure The increase in
stability is given for a damage level parameter of S; = 2-3. The lower slope and the upper

slope are respectively 1:6 and 1:3.

From Figure it can be concluded that for the tested cross-section the maximal increase
in stability of the complete front slope is achieved for a relative water level in the range of
1.0 < R./Hs < 1.3. Furthermore it can be concluded that the relationship between the
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Figure 2.7: Stability increase factors, rp, for breakwater armour layers with a bermed slope

increase in stability, rp, and the relative berm length, B/L,,,, develops differently for the
lower slope then for the upper slope. On the upper slope it develops linear but for the lower

slope a peak in rp is noticeable at B/ L, = 0.15.

The original data are presented in Appendix [A} Figure and Figure describe the
increase in stability for the berm material and Figure describes the increase in stability
of the upper slope.

With this new insight comments can be made on Figure First of all the correspondence
between the data and the plotted curves is disputable. They agree with the main trend but one
must be aware of the large amount of scatter and the limited amount of data. Furthermore
the relative water levels are limited to a range of approximately 0.7 < R./Hs; < 2.0 and
therefore large part of Figure is based on extrapolation.

2.6 Conclusion

A great amount of knowledge is available on the complex process underlying stability of
breakwater armour layers. This is especially the case for uniform sloped and low-crested
breakwater. Not much research has been done on the stability of armour layers for berm

sloped breakwaters.

The only research found on this topic is the research by WL|Delft Hydraulics,
(1986))). Its objectives seem to correspond to the objectives of this study. However, in practice

a berm level is located near the still water level during design wave conditions, R./H,o = 0,
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as it results in an optimal reduction of overtopping. This is an important design criterion
and thus the results of Vermeer| (1986)) are not directly applicable. Therefore it is necessary

to preform new experiments to investigated the influence of a berm for water levels around

the berm level.



Chapter 3

Model set-up

This chapter gives an overview of the model set-up. Successively the wave conditions, the
test facilities, the configuration of the breakwater and the properties of the stones will be

discussed. Finally the testing programme is presented.

3.1 Wave conditions

To investigate the development of damage for a defined breakwater configuration and a con-
stant water level, test series were performed with an increasing wave height. It was not
possible to keep both the wave steepness (H/L) and the relative berm length (B/L) constant
as both are related to the wavelength but only the wave steepness to the wave height. It was
chosen to keep the wave steepness a constant as the change of breaker type resulting from a

changing wave steepness, Battjes (1974), could possibly influence the damage mechanism.

As mentioned in Section the berm level of a breakwater is in most cases designed for a
relative water level of R./H,,0 = 0. This level is optimal for the reduction of overtopping.
This level is not necessarily the same for the increase in stability as concluded in [Vermeer
(1986). Because overtopping is an important design issue, the influence of relative water level

is investigated for water levels around the berm level; R./H,,o = -0.5, 0.0 and 0.5.

The extent in which a wave is influenced by a bermed slope depends on the ratio between
the berm length and the wavelength indicated by the relative berm length or B/L. To test
a wide range of B/L test series have been executed for three different wave steepnesses and

two different berm length.

The chosen wave steepnesses, s, = 1.5, 3.0 and 4.0, were based on in practice occurring
design situations. For berms this is roughly B/L, = 0.2 to 0.25; however, this research is

interested in a wider range up to approximately B/L, = 0.4
To restrict other processes of influencing the stability - beside berm length - the properties of

19
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the breakwater and the wave spectrum were kept the same. Also overtopping was prevented

and the water condition at the toe corresponded to 'deep water’.

3.2 Facility

The 2D physical model tests were carried out in the long sediment flume of the Laboratory of
Fluid Mechanics at the Delft University of Technology. The 42 meters long flume with a flat
bottom profile has a width of 80cm and a maximal depth of 90cm. The facility is equipped
with a wave board, Figure , generating irregular/random waves up to a significant wave
height of approximately H,,0 = 13cm. Wave energy spectra can be prescribed by using

standard or non-standard spectral shapes.

The wave generator is equipped with an active reflection compensation system to minimise
re-reflections on the wave board. This means that the motion of the wave board compensates
for the reflected waves preventing them to re-reflect towards the model and thus avoiding any
disturbance on the measurements. Hereby undesirable long-periodic resonance waves in the

flume are also avoided.

Wave data was acquired with three analogue wave gauges, Figure [B.Ip, from which computer
facilities for data acquisition and data processing, Figure [B:2h, made the computation of

relevant wave characteristics possible.

3.3 Scale effects

This study is not a model research of a prototype breakwater so one can not speak of scale
effects as such. However, this research simulates damage on full scale breakwaters so an
accurate simulation of the water pressures inside the breakwater is necessary. Extra attention

must therefore be given to the flow through the porous which is determined in Section [3.5.2]

3.4 Cross-section

In this study three cross-sections were tested for which only the length of the berm was varied.
It was determined that berm lengths of B = 0.3m and B = 0.6m would give an optimal spread
of the relative berm length over the range of 0.0 < B/L, < 0.4. A third cross-section with
a 0.0m berm, thus an uniform slope, was tested to validate stability formulae for uniform

sloped breakwaters.

The criterion of no overtopping was translated in a minimal distance between the maximal
water level and the crest. For bermed slopes with a rough armour layer like rubble this should

be equal to minimal two times the maximal significant wave height, 2x H,,0 mqez- The deep
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water criterion was met in the same way. The distance between the toe and the minimal

water level should be at least 3x Hpno maq-

Based on the maximum performance of the wave board and the minimal criterion for deep
water the maximum level of the berm was determined at d = 39cm. With the variation in
water level of one time H,,o and the criterion for overtopping the crest level became d = 78cm.
The height of the flume was limited to d = 90cm so this left 12cm of space. To secure the
deep water criterion the berm level was increased and constructed at d = 51cm and therefore

the crest level was constructed at d = 90cm.

As no overtopping would take place, the stability of the inner slope would not be effected by
the incident waves. Therefore only the seaward slope was constructed. To insure the same
permeability of a complete breakwater and not to influence the internal reflection wave, a

wire mesh tail board was constructed, Figure [B:2p.

The breakwater was constructed with a slope angle of 1:2. In practice this slope angle is often
used, but more gentle angles like 1:3 would also have been possible. The distance between
the wave board and the toe of the breakwater was 22m. In Appendix [C] an overview of the

model set-up and the three cross-sections is given.

3.5 Materials

3.5.1 Armour

It was estimated with the stability formula by [Van der Meer| (1988]) that for armour stone
with a nominal diameter of D, 50 = 2.5cm the hydraulic loading would exceed the stabilizing
forces creating damage on the armour layer. Stones with a sieve size of 25mm to 40mm were

used to derive the desired nominal diameter.

The density of the armour rock was determined by weighing a stone and measuring its volume
with a measure cylinder. This was done for 27 individually stones and also for three batches
existing of approximately 50 stones. A graphic interpretation of the results is given in Figure
B3] The results of the individual stones had a large scatter probably due to the inaccurate
measurement of the volume. The results of the three batches were quite uniform. The rock

density is therefore determined over the average of the three batches, p, = 2582kg/m?.

Dy = (M/p,)~"? (3.1)

For randomly picked stones the mass, M (kg), was determined. The dimensions of the
equivalent cubes, D,, (m), known as nominal diameter were calculated with Equation

For assessment of the size distribution the cumulative curve is presented in Figure [3.2
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Figure 3.1: Density armour stone

The overall steepness of the curve is an indication of the uniformity of the mass, generally
called the grading width or gradation. For armour stone euronorm EN13383-1| (2002)) defines
requirements for the distribution of the mass. However, these requirements can not be applied
directly as they are defined for prototypes. Therefore a more general quantitative indication
for the uniformity of armour grading is used stating that armour stone gradings should be

narrow. This imposes restrictions on the ratio between D,,15 and D,gs.

Sieve curve armourstone
100.0%
90.0% /-_//
80.0% Dn85
|
70.0% |
o 60.0% 1
)
g I
5 50.0%
g Dn50 |
S 40.0% I
30.0% 1
|
20.0% |
_______ Dn15
10.0% —/ 1
|
0.0% 1
0.0170 0.0180 0.0190 0.0200 0.0210 0.0220 0.0230 0.0240 0.0250 0.0260
Dn [m]

Figure 3.2: Sieve curve armour stone

From Figure the median nominal diameter and the gradation were determined. The
gradation was Dys5/Dp15 = 1.19 which is classified as very narrow. The median nominal
diameter was D59 = 2.07cm which is smaller than the prescribed size. However, the stones
were nevertheless used for the armour layer as it, if necessary, could be compensated with a

lower significant wave height.
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The shape of individually placed armour stone is of importance as it affects the layer thickness,
packing density and the stability. According to euronorm |[EN13383-1 (2002)) the length-to-
thickness ratio greater than 3 for heavy gradings must be smaller than 5%. A percentage of

9% was determined but by removing large part of these stones the requirements were met.

The porosity, p (-), of the armour layer - indicating the percentage of pores - was calculated
by filling a known volume with stones and determining the amount of water needed to fill it
up. The influence of the sides was minimized by using a sufficiently large volume. From an
average of seven tests a porosity was determined of p = 0.45, Appendix [D] This is larger than
normally the case. However, it can be explained by the narrow grading and angular shape of

the armour stones.

The thickness of the armour layer is equal to 2x D50 which corresponds to d = 4.2cm.

3.5.2 Core

The permeability of the core material influences the stability of an armour layer. The Shore
protection manual, (CERC| (1984])), prescribes for breakwaters a geo-technical filter rule which
gives the ratio between the nominal diameters of the armour material, D,,504, and the material
of the underlayer, D50, Equation [3.2] This prevents transport of fine material through the

upper layers, but respects the permeable character of a breakwater.
Dy50a/Drsou = 2.2 — 2.5 (3.2)

This filter rule doesn’t hold for model research as linear geometric scaling - which follows
from Froude scaling - leads to larger viscous forces in the core, corresponding to a drop of
the Reynolds number. The related increase in flow resistance reduces the in- and out-flow of
water through the core. This causes larger up-rush and down-rush velocities resulting in a

decrease of the armour layer stability.

To by-pass this problem similarity between the length scale of the flow fields of the prototype
and the model is required, Burcharth et al. (1999)). In other words; scaling is done correctly

if the hydraulic gradients in prototype and model are the same.

As mentioned before, this is not a model research of a prototype breakwater so no scaling fac-
tor was used. In order to estimate the influence of ’scale effects’ on the stability of the armour
layer a scale factor of n = 40 was chosen and therefore the terms 'model’ and 'prototype’ are

used.

The nominal diameter of the stones for the model armour layer was D,,50= 2.07cm. With the

geo-technical scaling rule for the prototype and the Burcharth et al. (1999) scaling rules for
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Figure 3.3: Sieve curve core material

Location  Dypso—model

Dn507p'roto

[cm)] [cm]

Armour 2.07 84
Filter 1.48 38
Core 1.05 17

Table 3.1: Scaling according to Burcharth and geo-technical filter rule with n = 40
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the relation between model and prototype, this resulted in a nominal diameter for the model

of Dy50 = 1.48cm for the filter and D,,50 = 1.05cm for the core material, Table

In this study no distinction is made between the nominal diameter for the filter layer and the

core material. This has two reasons. First of all the outcome of the scaling method depends

on the applied scaling factor. Secondly it is in practical sense difficult to accurately sieve a

predefined nominal diameter. Therefore the filter is left out and only a core is used. The ratio

between the armour stone and the core material still apply to the geo-technical filter rule.

The core material was derived from a batch with a sieve size of 11mm to 16mm. In the same

way as for the armour stone the median nominal diameter and the gradation were determined
resulting in Dy50 = 0.99cm and D,,g5/Dp15 = 1.33, Figure

3.6 Measurements

3.6.1 Wave measurements

The spectrum of the waves used for all test series was a JONSWAP spectrum with a peak

enhancement factor of v = 3.3. This is a standard spectrum for fetch-limited sea-states, ie
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growing sea, as used in practice. More detail on this spectrum can be found in Appendix

The measurement of the actual wave spectrum of the incident wave was done with three wave
gauges placed in front of the toe of the breakwater at a distance of 21m from the wave board.
The spectrum is expressed in terms of spectral moments, Equation (3.3l The surface elevations

have been corrected for reflected waves using the theory described in|Zelt & Skjelbreia; (1992).
fmaac
mo= [ B af (33)

From spectral analysis several representative wave parameters like the significant wave height

H,,,0 and the mean energy period 7},—1, can be computed, Equation

Hm() = 4\/m0 (3.4&)
Tm_170 == m_l/mo (34b)

For a JONSWAP spectrum the ratio between the peak period 7}, and the mean energy period
Trn—1,0 is determined by Dingemans| (1987)), Equation

T, = 1.107Tm_10 (3.5)

3.6.2 Damage recording

The development of damage of the armour layer was determined for several series of tests. A
test series was build up of a number of tests in which the wave height was gradually increased
up to failure of the armour layer. For each test, containing of 3000 waves, damage was
recorded after 1000 and 3000 waves. Damage was not repaired during a test series, in this

way the cumulative damage during the test series was determined.

Damage was determined by comparing the condition of the slope prior to the test with the
condition of the slope after a test. The number of displaced stones was quantified using pho-
tographs taken from fixed camera position above the flume. Successive prints were compared
to identify armour displacement, Appendix [F] Displacement of an armour unit is defined as
a displacement over more than one unit dimension. To make it easier to count the number
of displaced stones the armour layers was placed in bands of different colours with a width
of approximately 5xD,50. The position of the colour bands for the different cross-sections is

presented in Appendix [G]

The recorded damage, presented as the number of displaced stones per colour band (Ny), was
made independent of the width of the flume resulting in the non-dimensional damage level

parameter N,4, Equation [2.8] In literature the non-dimensional damage level parameter Sy
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is often used to indicate damage, Equation [2.9] The relation used in this study between the

two damage level parameters is defined by Equation 3.6

~ Sa(1—p)

N, = .
od = 791131 (3.6)

This formula is derived from the following equations in which p is the porosity, A, is the

eroded area and A, is the average area of rock.

Aroc
Dyso \ 2
Aok = 0.257 0.4 = 1'1131Dn50 (3.7b)

Furthermore, recordings of the tests have been made to analysis of the water movement

created by the incident waves on the breakwater.

3.7 Test programme

The test programme was set-up according to the wave conditions described in Section [3.1
The wave conditions are specified only with a wave steepness as the development of damage
was uncertain. The significant wave height and the wave peak period were determined during

testing with trial test series.

The tested cross-sections are given in Appendix Figure For all test series a standard
JONSWAP spectrum (v = 3.3) was used with a storm duration expressed by the number of
waves of N = 3000. In Table [3.2] the target values for the wave conditions at the toe of the

construction are presented.

Cross-section, 0.6m berm Cross-section, 0.3m berm Cross-section, no berm

Test series  h [m]  Sop [] Test series  h [m]  Sop [] Test series  h [m]  Sop [-]
T-01 0.51 0.040 T-10 0.51 0.004 T-19 0.51 0.040
T-02 0.51 0.030 T-11 0.51 0.030 T-20 0.51 0.030
T-03 0.51 0.015 T-12 0.51 0.015 T-21 0.51 0.015
T-04 0.57  0.040 T-13 0.57  0.040
T-05 0.57  0.030 T-14 0.57  0.030
T-06 0.57  0.015 T-15 0.57  0.015
T-07 0.45 0.040 T-16 0.45  0.040
T-08 0.45 0.030 T-17 0.45  0.030
T-09 0.45 0.015 T-18 0.45  0.015

Table 3.2: Test programme with target values for the wave conditions
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Note: The numbering of the test series in the Appendix[H|and Appendix|[]do not correspond
to the numbering of Table
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Chapter 4

Analysis of test results

4.1 Introduction

In this chapter the results of the test series will be discussed and analysed. To start of a
validation of the data of the uniform sloped breakwater will be performed after which the
test series executed on an uniform slope will be analysed. The measured damage and the
predicted damage by stability formulae will be compared to determine correlation between
the two.

Subsequently the damage development on the bermed slope will be analysed. The results
of this study will then be compared to the findings of a research by WL|Delft (Vermeer
(1986)). Finally two design principles will be discussed which in practice are used to obtain

an indication of the influence of a berm on the stability.

4.2 Data validation

To fulfill the required testing programme 24 test series were executed each build up of several
tests. For each test - existing of 3000 waves - the damage and the moments of the wave

spectra were recored after 1000 and 3000 waves.

During the testing period it was discovered that the steering files for the wave generator for
test series T101x, T102x and T109x were incorrect. These test series were rejected and the
first two were replaced by test series T103x and the third by test series T112x. The rejected

test series were not used in further analysis.

In this study the development of damage of the armour layer was determined for an increasing
wave height. The main property of the armour layer is to protect the core material; if this
core material is exposed the armour layer has failed. If during a test the core material became

visible - or was likely to become visible for a slight increase of the wave height - a test series

29
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was ended. Depending on the extend of the damage it was determined if this last test would

be useful for further analysis.

A test was rejected if the core material was visible. All armour stones at a certain location
would have already been displaced and the recorded damage level would be incorrect. If the
core material was not, or only sightly visible, the test was accepted. The total amount of
damage could therefore differ per test series. For some test series this total amount of damage
on the armour layer could be described as ’failure’, as for others, this could be described as

‘intermediate damage’.

The distinction between damage after 1000 and 3000 waves proved to be unnecessary as
this research is interested in the damage development of a test series and not so much of
an individual test. Therefore the average value of the spectral moments and the cumulated

damage were taken. This processed data is presented in Appendix [H]

Two exceptions were made. The significant wave height generated over the first 1000 waves
of the first test in test series T113x was to low. To increase this value the steering file was
adjusted for the second part. For a correct interpretation of the test results only the spectral
moments of test T1131-3000 were used. Furthermore, the last test in test series T114x was
used for further analysis despite the fact that the core material was clearly visible. Without
this test the test series would exist of only two tests which would be to little to be useful for
further analysis. In order not to make the complete series redundant this last test was be

used as an indicator.

4.3 Uniform slope

4.3.1 Test results

The results of the test series on an uniform slope correspond in Appendix [H] to the test series
T122x, T123x and T124x. The damage development of each test series is plotted in Figure
with on the horizontal axis the stability parameter H,,,/AD,5 and on the vertical axis

the damage parameter N,g.

For each of the three test series the wave height H,,o was increased up to the point where the
core material was slightly visible. This is just beyond the point which in literature is defined
as 'failure’. For uniform slopes this corresponds to a design value of the damage parameter of
Sq = 8. In Figure this damage level is indicated with the upper dotted line corresponding
to the damage parameter of N,q = 5.

A relation between the two damage parameter is given by Equation [3.60 With a porosity of
p = 0.45 this can be approach by N,; = 0.554. For the test series the damage parameter
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Figure 4.1: Damage development on uniform slope

for failure then becomes Sy = 10 which is larger than the design value. This difference can
be explained by the conservative approach of design value which always account for scatter
and uncertainties. So the given relation between the two damage parameters is believed to

be correct.

For design purposes a value of the damage level parameter of S; = 3 can be used. With
Equation this corresponds to a damage parameter of N,q = 1.5. This damage level,
defined as ’start of damage’, is indicated in Figure with the lower dotted line.

4.3.2 Stability formulae

For the prediction of the stability of armour stone on uniform slopes several design formulae
have been developed. The three stability formulae described in Chapter are [Hudson
(1953, 11959)), Van der Meer| (1988)) and |[Van Gent et al. (2003). Each formula has its distinct
approach and therefore different damage could be predicted for similar wave conditions. The
results of the test series executed on an uniform slope are compared with the design formulae
to validate the correctness of the execution method for determining damage. Regardless
of which design formulae is used the results should be in line with the predicted damage.
Large or unexpected deviations could indicate an incorrect execution method. The results
are presented in Appendix

Note: The following interpretations are based on only one execution for three different wave



Chapter 4. Analysis of test results 32

steepnesses. As there is no repetition the influence of scatter can not be seen.

Hudson

The Hudson formula is a rather simple equation including only few parameter. Several values
of Kp are derived making it applicable for a wide range of armour units and configurations. In
Figure it can be seen that for a large amount of tests on structures with a permeable core
the main trend is best described with Kp = 8. Consequence of including only few parameters
- therefore neglecting the influence of certain parameters - is a large amount of scatter. The
more conservative value Kp = 4 is therefore used for design purposes. Both value of Kp are
plotted in Figure [.Ip. It can be seen that the main trend is well described with Kp = 8.

Van der Meer

In comparison to the Hudson formula the formula of Van der Meer is quite progressive. It
includes a large amount of parameter increasing its range of application. The effect of wave
steepness is included such that stability decreases for an decreasing wave steepness resulting
in a different prediction of the stability for each test series. For the two higher values of the
wave steepnesses - T122x and T123x - the stability is predicted rather well although the last
test in test series T122x deviates quite a bit. For the lowest value of the wave steepness -
T124x - the prediction is not correct. This could indicate that the formula is less applicable

for lower waves steepnesses.

Van Gent

An other progressive formula is presented by [Van Gent et al.| (2003). This stability formula
also includes many different parameter but unlike the formula by Van der Meer it excludes
the influence of the wave period. It was concluded that the influence of the wave period is
small compared to the amount of scatter in the data due to other reasons. Therefore the
same stability is predicted for the three different wave steepnesses. In Figure [.[Ilc the graph

it can be seen that the predicted stability complies well to the main trend.

4.3.3 Conclusion

The predicted stability of the considered design formulae all correspond relatively well to
the results. Therefore it is believed that the method of determining damage is correct and
the relation between the two damage parameters Sq and N,4 given by Equation [3.6] is valid.
The damage level parameter S; = 3 used to express ’start of damage’ on uniform sloped

breakwaters can therefore be converted into N,q = 1.5.

Based on only this data set the main trend is best described by the Hudson formula, however

the individual contribution of the different parameters is not clear with the single coefficient



Chapter 4. Analysis of test results 33

Kp. A misjudgment of the coefficient could lead to an incorrect prediction making this

formula unfavoured.

The formulae of Van der Meer and Van Gent also give a good prediction of the damage in
which the individual contribution of the different parameters is clear. However the influence
of the wave period - based only on these test results - is unclear. Including the wave period
is therefore questionable as it insinuates an increase in accuracy which is not present. The

formula of Van Gent is therefore favourable.

4.4 Bermed slope

4.4.1 Test results

The results of the test series on a bermed slope correspond in Appendix [H| to test series
T103x up to T121x. In Table two different damage area’s can be indicated; one round
the transition point between the lower slope and the berm and one on the upper slope.

Consequently damage in Table is determined separately for these two area’s.

4.4.2 Physical processes analysis

Damage between the test series vary significantly for a similar stability parameter H,,,/ADps0.
Apparently the mechanism which creates damage depends on the interaction between the
berm level, berm length and the wave conditions. To understand this interaction an analy-
sis is made of these mechanisms based on video footage, the damage development shown in
Appendix [J] and the location of the damage shown in Table

1 2 3
4 5 6
7 8 9

Figure 4.2: Numbers referring to the graphs in Appendix

For an easier reference to the graphs in Appendix [J]they will be numbered according to Figure
4.2
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Water level below berm level

Despite a lower water level then the berm level the waves overtop the berm level. The wave

energy is distributed not only on the lower slope but also on the berm. This redistribution
decreases the wave attack on the lower slope and increases it on the berm.

Figure 4.3: Return current for water level lower then berm level

As a wave retreats water transported on to the berm creates a return current. Because the
still water level is below the berm level, the porosity of the berm is great enough to transport
all this water through the structure. No water is redirected over the surface area, Figure
As the velocity of this return current is low, no damage is created. Also, the return current

doesn’t influence the incident waves. Damage is therefore only created by the incident waves
illustrated in Figure [£.4]

This situation can be compared to low-crested breakwaters, Section [2.5.1] Damage is pre-
dicted with an arbitrary chosen formula for the stability of uniform sloped breakwaters,
Section multiplied with an additional reduction factor to include overtopping.

3.0%
4.0 %

sop=15%

sop
sop

Short and long berm

Figure 4.4: Dominating damage mechanism for a water level lower then the berm level

Graph 1, 4 and 7:

The test results for the six test series are quite similar. The trajectories of the damage

development are alike and there is no difference in damage between the 0.3m and 0.6m berm.
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Water level on berm level

The amount of water transported on the berm is significant. This influences the character of
the return current. As a wave retreats the water level will drop locally, in reaction, the water
table in the breakwater will drop too. In Figure [4.5| an example is given for two different
berm lengths. For both structures the area in which the water table in the breakwater is

lower than the still water level - indicated with the green area - is identical.

Figure 4.5: Return current for different berm length

As this area is limited, so is the amount of water which can be transported through the
breakwater. A return current over the surface area of the breakwater is therefore created.
This effects the stability of the armour stone located on transition area between the lower
slope and berm. At this point the stones do not interlock very well and are easily displaced

by the drag force of the return current.

The hydraulic gradient of the water on the berm, i (-), acts as a driving force on the return
current over the surface area. It therefore determines its velocity and also the ’draining time’
of the berm.

Dependent on the frequency of incident waves all water on the berm can retreat completely
or partly remain on the berm. In the first case the incident waves will not be influenced by
the return current and the armour layer on the berm will be exposed. In the second case the

still retreating water will collide with the incident waves somewhere on the berm.

With this understanding of the character of the return current, an analysis of the dominating
damage mechanisms for the different test series can be made. An overview is given in Figure
4.0l

Graph 2:
The incident waves ’glide’ over the berm and on impacted do not create much turbulency
and therefore also not much damage. In test series T114x damage is created as the water

retreats. The large amount of water on the berm, in combination with a large hydraulic
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Figure 4.6: Dominating damage mechanism for a water level on the berm level

gradient, tributes to a high velocity of the return current. The drag force of this current
removes stones from the transition area. For test series T105x the velocity of the return
current is lower and therefore less damage is created. However, the incident waves collides
with the return current at the transition point. This creates lots of turbulency and stones are
neverhteless displaced.

If a closer look is taken it can be assumed that test series T114x is less stable than test series
T105x. However, this is not clear as only the high values of H,,0/(AD,50) differ. To confirm
this tests have to be done with a smaller interval. If the assumption is true the return current

apparently creates slightly more damage than the colliding water bodies on the transition
point.

Graph 5:

In test series T115x the water retreats quick enough in order not to influence the incident
waves. However, the return current isn’t the dominating damage mechanism. The impacted
of the incident waves create most damage. In test series T104x the same can be seen for test
series T105x. The return current also collides with the incident waves but now higher up the

berm. This creates less damage as the stones on the berm are more stable.

It can be concluded that although the damage development is the same for both test series,

they are a result of different damage mechanisms.
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Graph 8:

In test series T113x the return current doesn’t influence the incident waves. Damage is only
created by the inpact of the incident waves on the transition point. In test series T103x the
long berm prevents a large hydraulic gradient of developing. This, in combination with a high
frequency of incident waves, creates a set-up on the berm. Due to the higher water level, the
waves break at a higher part of the berm where the stones are more stable. Therefore less
damage is created in regard to test series T113x. As no significant return current is developed

there is no collision with the incident waves.

The influence of the set-up on the 0.6m berm is visible in a more stable front slope. For the
0.3m berm the complete return current can retreat the waves break on the exposed transition
point resulting in a less stable front slope.

Water level above berm level

The layer of water on the berm acts as a protective cover for the armour stone on the lower
slope and berm. They are therefore less exposed to the incident waves. However, the waves
dissipate less energy on the berm and therefore create more damage on the upper slope. In
Appendix [J] the influence of relative berm length can be seen. For the lower slope and berm,

as well as the upper slope, stability increases for an increasing relative berm length.

The effect of the relative berm length on the dominating damage mechanisms is analysed for

the different test series. An overview is given in Figure [4.7]

sop=15%
=3.0%
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Figure 4.7: Dominating damage mechanism for a water level above the berm level

Graph 3 and 6:
The incident waves ’glide’ over the lower slope and don’t create much damage on the transition

area between the lower slope and berm. Damage on this point is mainly created by the return
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current. Its intensity - depending on the hydraulic gradient - is not the same for the different
berm length. Although the amount of water transported on the berm for both lengths the
same, the longer berm can spread the water over a larger area resulting in a smaller hydraulic
gradient than on the short berm. The velocity of the return current is therefore smaller

resulting in a larger stability.

Graph 9:
The short wave period prevents the development of a return current with a high velocity.
Damage is therefore only created by the incident waves. This explains why both test series

have a similar damage development.

Conclusion

In all test series the stability of the stones on the transition area between the lower slope and
the berm was most critical. Two damage mechanisms are indicated; first of all the impact of

the incident waves and secondly the drag force of the return current over the surface area.

The extent of each mechanism depends on the water level. For a water level below the berm
level, damage created by the impact of the incident waves is dominant over the return current.
For a water level equal to the berm level there is a balance between the two. For a water
level larger then the berm level the return current is dominant, damage due to the impact of

the incident waves is of minor importance.

4.4.3 Quantitative analysis

For a better understanding on the influence of the governing parameters related to a berm,
on the stability of breakwater armour layers a quantitative analysis is made of the tables in
Appendix [H and the graphs in Appendix [J|

First an analysis will be made on the development of the damage and the related damage
level parameters. Next the results of the individual test series will be compared to determine
the influence of the governing parameters. Finally the findings of this study will be compared
with the results of the research by Vermeer| (1986)).

Damage level

To determine the damage level of the test series executed on a bermed slope, the graphs from

Appendix [J] are used in combination with the pictures of the actual damage.

For all test series it was determined that ’failure’ of the armour layer, corresponding to a visible
under layer, was reached for a damage parameter larger than N,y = 5.0. Apparently the

development of damage is independent of the damage mechanisms. This damage parameter



Chapter 4. Analysis of test results 39

corresponds to the criterion for armour layers on an uniform slopes, Section |4.3.1} By analogy,
the damage parameter for ’start of damage’ for bermed slopes is the same as for uniform slopes

and therefore equal to Ny,q = 1.5.

Increase stability

It is generally assumed that bermed slopes, in regard to an uniform slope, have a positive effect
on the stability. To validate this assumption the stability parameter of a bermed slope can
be compared to the stability parameter of an uniform slope for a similar damage parameter.

The increase in stability is expressed by rp, Equation

H,o/ADps0-berm
H,,0/ADys0-uniform

rp = (4.1)
To determine the increase in stability in regard to an uniform slope, the results of the test

series executed on a bermed slope are compared to the predicted stability of an uniform slope.
Based on Section this prediction is made with the stability formula of Van Gent.

[ ] Test series 1

&  Testseries 2
77777 Uniform slope * rD
Uniform slope

Example of damage development trajectories
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Figure 4.8: Example of damage development trajectories

In Appendix [K| the formula of |[Van Gent et al. (2003)) is plotted in with the test results of
the test series executed on a bermed slope. Not all graphs of Appendix [J] are included as
they show no damage. Determining the increase in stability for these graphs is therefore

unnecessary as it would be infinite.

From the graphs in Appendix[K]it becomes clear that the damage development on the bermed
slope have a similar - but more stable - trajectory as the damage predicted by the Van Gent

formula. An example is given in Figure Nearly all test series are described correctly by
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multiplying the Van Gent formula with the stability increase factor rp. For each test series
the value of this factors is determined, Table

Test series D D Test series D D
(LS+B) (US) (LS+B) (US)
T103x 1.25 - T113x 1.11 -
T104x 1.17 - T114x 1.04 -
T105x 1.08 - T115x 1.17 -
T106x 1.55 2.25 T116x 1.34 1.65
T107x 1.53 2.10 T117x 1.11 1.43
T108x 1.26 2.20 T118x 1.55 1.67
T110x 1.07 - T119x 1.11 -
T111x 1.11 - T120x 1.11 -
T112x 1.11 - T121x 1.07 -

Table 4.1: Average increase in stability in regard to an uniform slope (lower slope and berm, upper
slope)

Three test series are not describe in a proper manner:

T114x: The trend of the test results of test series T114x the seems to be steeper than
the trendline indicates. This is based on the third test of test series but is was previously
mentioned that this data point is uncertain and would only be used as indicator.

T117x: The test results of test series T117x seem to deviate more than the other test series
but most probably this can be attributed to scatter.

T121x: For test series T121x it seems that the short berm is more stable than the long berm.
But based on video analysis it is concluded that this is not possible as the berm length was
to long to has any influence. Also the wave conditions have been check but no significant
differences can be pointed out. Therefore scatter is most probable be the cause and the same

rp is used for T121x as for test series T110x.

It can be concluded that - in general - the test results have a large correlation to the predicted
damage on an uniform slope by means of the formula of Van Gent et al| (2003). For an
individual test series the increase in stability, over the complete range of Hy,/(ADys0), can
be indicated with a constant value of rp. Consequently rp is independent of the considered

damage level.

Governing parameters

For design purposes the damage level ’start of damage’ is of most interest. In contrast to
the higher damage level, the stability parameter can be determined without extrapolation the
test results. As previously concluded the same damage parameter for ’start of damage’ can be

used for bermed sloped as used for uniform slope. This corresponds to a damage parameter
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of Nog = 1.5.

For all the test series presented in Appendix [K| the values of H,,o/(AD,50) are determined
for a damage parameter of N,q = 1.5. The corresponding values of R./H,0, B/Lm—1,0 and
rp are plotted in Figure |L.1] In the arrangement of the graphs a distinction is made for the
different water levels. The first three present the increase in stability for the lower slope and
berm for all three water levels. The fourth presents the same for the the upper slope but only

for the highest water level as damage for the lower water levels was negligible.

Unfortunately damage was mainly created on the lower slope and berm and hardly any on

the upper slope. Therefore further analysis will only focused on the lower slope and berm.

Conceivable trendlines

For a better insight on the influence of the governing parameters the test results of the lower
slope and berm are merged in Figure The upper graph shows the influence of the relative
berm length on increase in stability and the lower shows the influence of the relative water

level on the increase in stability.

If the increase in stability in determined for constant values of these governing parameters,

certain trends can be seen. To emphasize these trends conceivable line are plotted.

The trajectories of the lines only give an indication on the development of rp and are open
to question as they are based on a small amount of data. As mentioned scatter can easily
give a distorted view. Especially the trajectories in for R./H,,o > 0.6 are uncertain as only

no data is available.

Conclusions on influence of governing parameters

From the graphs in Appendix [[] several conclusions can be made on the influence of the

governing parameters of a berm on the stability of breakwater armour layers:

1. For the tested range of the governing parameters of a berm, a berm has a positive effect

on the stability.

2.When regarding constant values of R./H,,o the data shows for initial values of the relative
berm length an increase in stability as B/Ly,—1 increases. As the relative water level gets

increasingly larger the results indicate a horizontal limit.

3. In general the stability increases as the relative water level increases. However, for the
lower values of the relative berm length a decrease is noticeable for a relative water level of

—0.5 < R./Hmno < 0.5. This can possibly be explained by the intensity of the return current
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which drags the instable stones on the transition point between the lower slope and the berm

down resulting in a large amount of damage.

4. For water levels in the range of —1.0 < R./H,,0 < —0.5 the length of the berm has hardly
any influence of the increase in stability. Damage is only created by the impact of the incident
waves. The load of the incident wave is effected by the amount of overtopping. Apparently a
minimal berm length is enough to induce overtopping and therefore the maximal increase in

stability is reached for small values of B/Ly,_1 0.

5. As the water level approaches the berm level, —0.5 < R./Hp,o < 0.0, the influence of the
berm becomes evident. The increase in stability enhances over a wide range of the relative
berm length, 0.0 < B/Ly,—10 < 0.35. As the water level exceeds the berm level, a strong
increases of rp is noticeable. However, the range of the relative berm length in which this

increase in stability is enhanced becomes smaller, 0.0 < B/L,—1, < 0.20.

4.5 Comparison with Vermeer (1986)

In Section a research by WL|Delft (Vermeer| (1986]), Appendix[A)) is discussed which also
investigated the influence of the governing parameters of a berm on the stability of breakwater
armour layers. However, it was not directly applicable as it focused on larger values of the

relative water level and on a more gentle lower slope than desired for this study.

The test results of [Vermeer| (1986) show for constant values of the relative water level an
increase in stability in the range 0.0 < B/L, < 0.15, Figure As the relative berm length
gets larger, the results show a decrease in stability. The results of this study do not show this
down fall but indicate a more horizontal limit for rp. Apparently the influence of the relative
water level and/or the slope angle is such that it is not possible to use the results of [Vermeer
(1986)) as presented in Figure .

A well-founded explanation for the peak, created by the decrease in stability for larger values
of the relative berm length, is not given by |Vermeer| (1986). It is only remarked that it could
be created by interference of the waves. Interesting to see is that the peak tends to flatten out
as the water level on the berm decreases. If this is caused by a decrease of the interference,
it would be possible that the peak eventually develops into a horizontal limit. This would
connect the findings of the two researches creating the possibility to develop a consistent

theory.

4.6 Design principles

For breakwaters with a bermed slope no design formulae or design guideline are available,

therefore design is mainly based on experience gained from previous projects. However, for an
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indication of the increase in stability due to a berm two different design principles are used.

Both are based on stability formulae which are developed for different types of structures.

Principle 1

The first design principle incorporates the positive influence of a bermed slope on the stability
in the assumption that the stability of a bermed slope is expected to be approximately equal
to the stability of its average slope, Figure This principle doesn’t make a distinction
between the different damage area’s, the influence of the water level or the active zone of the

waves.

Figure 4.9: Average slope of a bermed sloped breakwater

In this study to types of bermed slopes are investigated; a 0.3m berm and a 0.6m berm. For
both cross-sections the average slope is determined as shown in Figure [4.9] after which the
stability number is determined with the formula of Van Gent et al.| (2003)). The increase in
stability is determined in regard to a uniform 1:2 slope, Table

Cross-section cotae  rp
No berm 2.00 1.00
0.3m berm 2.33 1.08
0.6m berm 2.67 1.17

Table 4.2: Average slope of cross-sections with the increase in stability factor

Principle 2

The second design principle uses formulae for low-crested structures, Section to deter-
mine the increase in stability for the lower slope and berm. It assumes that part of the wave
energy is distributed over the berm which therefore reduces the impact of the incident waves

on the lower slope. A distinction is made between emerged and submerged structures, Figure

410
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Figure 4.10: Principle of low-crested structure for bermed slopes

For emerged structures the reduction factor for the stone size is determined with Equation
This is the inverse of the increase in stability factor, rp. For submerged structures the
stability number was determined with Equation To determine the increase in stability
factor, rp, it is compared to the stability number of an uniform 1:2 slope determined with
the formula of [Van Gent et al.| (2003).

Both formulae are related to the wave steepness. However, it was determined that the influ-
ence of the wave period is not clear, Section Therefore the formula by [Van Gent et al.
(2003) was used to predict the stability on uniform slopes and not the formulae by [Van der
Meer| (1988]).

The increase in stability of the low-crested structures is determined in regard to the stability
of an uniform slope. Therefore a wave period independent stability formula is combined with
a wave period depended stability formula. This has its effects on the determination of the

increase in stability factor.

Correlation

The results of both design principles, together with the results of this study, are plotted in
Figure The correlation between the two can be determined:

Principle 1: The independents of this design principle to the relative water level manifests
itself by a horizontal line. This results in a very poor correlation between the actual damage
and the predicted damage. As long as the relative berm length is not incorporated in the

design principle it is not suitable to use for the prediction of the increase in stability.

Principle 2: The increase in stability predicted with this principle for both emerged as sub-
merged structures is not much better. It does predict the trend of the influence of the relative
water level correct but the overall correlation is still poor. The abrupt transition between

the two types of structures is caused as two different formulae are used. Furthermore, the
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Figure 4.11: Predicted stability increase by the design principles

prediction of the increase in stability for the submerged structures is distorted as result of the

above-mentioned influence of the wave period.

Both design principles don’t give reliable prediction of the stability increase for any range of
the relative water level. Apparently the complexity of the processes related to the (in)stability
of armour layers on a bermed slope can not be overcome by means of the design principles.
This is most probably caused as the influence of the return current, which has large impact
on the stability, is not accounted for. Therefore both principles are not well suited to predict

the increase in stability of armour layers on bermed slopes.
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Chapter 5

Conclusions and recommendations

As a result of this study insight is gained on the influence of the governing parameters of a
berm, on the stability of breakwater armour layers. This chapter will emphasizes the most

important conclusions and in addition give some recommendations for further research.

5.1 Conclusions

To determine the influence of the governing parameters of a berm, on the stability of break-
water amour layers, test series were performed on bermed sloped breakwaters for which the
development of damage was determined. Analysis of this data revealed great similarities to
the damage development of the test series which were performed on similar breakwater but

without a berm; an uniform sloped breakwater.

First of all it was concluded that the damage parameter corresponding ’failure’ of the armour
layer, was approximately the same for bermed sloped breakwaters as for uniform sloped
breakwaters. By analogy, the damage parameter for ’start of damage’ for bermed slopes
was the same as for uniform slopes. The corresponding value of the damage parameter was
Nyg=1.50r S;=3.

Secondly it was determined that damage on a bermed slope could be related to damage on an
uniform slope by the stability increase factor, rp. This factor relates the stability parameter

of a bermed slope to the stability parameter of an uniform slope for a similar damage level,

Equation

H,,0/ADps0-berm

Nl
H,,0/ADps0-uniform (5.1)

rp =

It became clear that, for the tested range of the governing parameters of a berm, a berm
had a positive effect on the stability. The damage development of an individual test series

could be predicted correctly by multiplying the predicted damage on an uniform slope - in
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this study determined with [Van Gent et al.|(2003]) - with a constant value of rp. An example
is given in Figure [5.1] The values of these constants are presented in Table

[ ] Test series 1

&  Testseries 2
77777 Uniform slope * rD
Uniform slope

Example of damage development trajectories

6.00 -
5.00 -

4,00 4 / /

Nod

3.00 -

1.00 -

0.00 T T T
0.00 0.50 1.00 1.50

2.50 3.00 3.50 4.00

2.00
HmMO/(ADN50)

Figure 5.1: Example of damage development trajectories

The correlation between the increase in stability factors and the governing parameters, B/L,, 1
and R./H g, for the damage level ’start of damage’ were determined, Appendix [[| Unfortu-
nately damage was mainly created on the lower slope and berm and hardly any on the upper

slope. Therefore further analysis only focused on the lower slope and berm.

For constant values of R./H,,o the data showed for initial values of the relative berm length
an increase in stability as B/Ly,—1 o increased. As the relative berm length got increasingly
larger the results indicated a horizontal limit, Figure [5.2

The range in which the relative berm length had a positive contribution on the increase in
stability was strongly related to the relative water level. For R./H,,0 < 0 this range was
small but it widened quickly as the water level approached the berm level. As the water level

on the berm increased, the range became gradually smaller again.

A research by WL|Delft Hydraulics (Vermeer| (1986])), which performed similar tests but for
R./Hp,o > 0.9, showed different results. The development of the increase in stability for
constant values of the relative berm length showed a peak at B/L, = 0.15, Figure

A well-founded explanation for the peak, created by the decrease in stability for larger values
of the relative berm length, is not given by [Vermeer| (1986). It is only remarked that it could
be created by interference of the waves. Interesting to see is that the peak tends to flatten out
as the water level on the berm decreases. If this is caused by a decrease of the interference,

it would be possible that the peak eventually develops into a horizontal limit. This would
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Increase in_stability based on formula of Van Gent
Lower slope and berm

Nod=1.5 — 'Start of damage'
(...) =corresponding Re/HmO
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Figure 5.2: Influence of the governing parameters with conceivable trendlines

connect the findings of the two researches creating the possibility to develop a consistent

theory.

Because it wasn’t possible to analyse the stability of the upper slope as result of a lack of
data, it wasn’t possible to determine the relative water level for which a maximum increase in
stability would be reached for the complete front slope. However, as no damage developed on
the upper slope it indicated that for R./H,,o < 0.5 the stability of the lower slope and berm
are normative to the complete front slope. This applies with the findings of [Vermeer| (1986)
which determined that the maximal increase in stability is reached for a relative water level

of approximately R./H,,o = 1.0.

Finally two design principles, which in practice are used as indication of the increase in

stability, were validated with the results of this study. The first principle applies stability
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formulae for uniform slopes on the average slope of a bermed profile, Figure [4.9] The second

principle adoptes the characteristics of low-crested structures on the bermed profile, Figure

410l

For both principles the correlation between the predicted stability increase and the results of
the test series is very low, Figure Apparently the complexity of the processes related to
the (in)stability of armour layers on a bermed slope can not be overcome by means of these
principles. This is most probably caused as the influence of the return current, which has
large impact on the stability, is not accounted for. Therefore both principles are not well

suited to predict the increase in stability of armour layers on bermed slopes.

Only in situations where the influence of the return current is low, i.e. extremely long berms
or relatively high berm level, the second principle could give good results. But for situations
where the return current can not be disregarded it is better to use the tests results this study,
Appendix |I} to get in indication of the increase in stability. If larger values of R./H,,o are
regarded, the results of [Vermeer| (1986)) can be used, Appendix

Last of all it should be emphasized that for design situation one must be very reserved when
adopting the findings of this study as well as the findings of [Vermeer| (1986). Both researches

are based on a small amount of test series and certain interpretations could be challenged.

5.2 Recommendation

To get a better understanding of the influence of a berm on the stability of breakwater
armour layers under wave attack more research to this topic is required. In the following four

recommendation will be given for further research;

1. The results of this study gives a first insight in the influence of a berm on the stability of
breakwater armour layers. A similar research, but for a different angle of the lower slope and
a the different range of R./H,,0, was performed by WL|Delft Hydraulics (Vermeer| (1986))).

The finding of both studies are based on a relatively small amount of tests. The relations
between the governing parameters of a berm and the increase in stability are therefore not
always very clear. It is therefore recommended to obtain more test data to derive more reliable

and less ambiguous relations.

2. When comparing the finding of both studies on the influence of the relative berm length
on the increase in stability a difference can be seen. For initial values of the relative berm
length both studies show an increase in stability as the relative berm length increases. As it
gets increasingly larger the results of this study indicate a horizontal limit, as for the results
of the study by Vermeer| (1986) a decrease in stability can be seen for B/L, > 0.15.
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An interesting additional research would be to investigate the cause of this drop in stability

and determine if it could also occur for the range of R./H,,o as tested in this study.

3. The armour layer of the complete front slope was build-up out of one type of armour
stone; no distinction was made between the lower slope, berm and upper slope. From the
test results it became evident that the armour on the upper slope remained relatively stable
for the range of the tested governing parameters. Therefore it wasn’t possible to analyse the

influence of these parameters on the stability of the upper slope.

A second interesting additional research would be to preform test series in which the stability
of the armour stone on the upper slope becomes critical. This is possible by using a smaller
size of the armour stone or by completely fixating the berm and/or lower slope and increasing

the wave load.

4. It is mentioned in the introduction that due to the complexity of the process underlying
the instability of individual stones created by the water movement of breaking waves on a

slope, it is very difficult to express the interaction of forces into a theoretical model.

To simplify this process somewhat, a distinction can be made between the two most important
damage mechanisms on a bermed slope. The first is the impact of the incident waves and the

second is the drag force of the return current over the surface area of the berm.

The first damage mechanism remains difficult to express in a theoretic model as the influence
of the air encapsuled in the wave isn’t fully understood. However, it should be possible to

describe the characteristics of the return current with a theoretical model.

A third interesting additional research would be to investigate if such models are available.
If so, an effort can be made to adapt it to breakwaters with a bermed slope and correlate
the predicted velocities of a return current with the damage development of this study and
Vermeer (1986)).
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Appendix A

Test results Vermeer (1986)

The authentic graphs as presented in [Vermeer| (1986) are included in this Appendix. Not all

symbols correspond to the ones used in this study, thus:

L4 fs:TD

L4 dB/Hsi = RC/HS

The pink areas indicates the test results from this study.
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Figure A.1: Development of the increase in stability of the berm material for N,q = 1.67.
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Pictures facilities

(a) Wave board (b) Wave gauges

Figure B.1

99



Appendixz B. Pictures facilities

‘—.i-l-a ;:fifjjj S e e T AN
{ | X e
\ ¥ \\ v
L = e |
, = :
R o = ‘\\.

(a) Computer facilities

(b) Tail board

Figure B.2



Appendixz B. Pictures facilities

(b) Side view cross-section

Figure B.3
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Appendix C

Model set-up

Wave machine Wave gauges (1,2,3) Breakwater cross-section Object in flume (no function)
E
<
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o
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Z 03|
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Distance from wave machine (m)

Figure C.1: Model set-up
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Appendix D

Porisity armour stone

Test  Volume water [dm®]  Volume total [dm®] p []
1 3.9 8.5 0.45
2 4.4 10.0 0.44
3 4.6 10.0 0.46
4 4.5 10.0 0.45
5 4.6 10.0 0.46
6 4.6 10.0 0.46
7 4.3 10.0 0.43

Average p=0.45

Table D.1: Porosity of armour layer stones
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Appendix E

Wave spectra

The type of waves covered in this MSc thesis are gravity waves propagating at the surface
of a water body which are locally generated by the action of the wind at the free surface.
This type of sea-state is called a wind-sea and are characterised by short periods (2 s to 10 s

typically) and provide an irregular aspect of the sea surface.

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

parameters and constants.

The main difference between the two is that the Pierson and Moskowitz (PM) spectrum
represents a fully developed sea in deep waters. This is only the case if the fetch is very long
or the winds are weak. Mostly this is not the case. In addition to the PM spectrum the
Joint North Sea WAve Project (JONSWAP) studied fetch-limited sea-states, ie growing sea,
resulting in the JONSWAP spectrum.

v  peak enhancement factor

47 ol 1e=1)?
E(f) = ag?(2r) 4 Peap | -2 <f> o p< 27 > (E.1)
4\ fp
with:
E  spectral energy density [m?/H 2]
a  scaling parameter (Pierson-Moskowitz) [—]
f  frequency [H z]
fp peak frequency [H z]
[
[

o scaling parameter
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Figure E.1: Pierson&Moskowitz and JONSWAP spectrum
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Damage recording pictures
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Appendix G

Location of colour bands

Berm 0.0m

(10) (1)

8 (©

Berm 0.30m

Berm 0.60m

Figure G.1: Location and numbering of the colour bands
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Appendix H

Processed test results

e Table [H.I} Cumulative damage Ny
e Table [H.2} Wave characteristics and damage

e Table [H.3} Increase stability factor rp relative to Van Gent for N,y = 1.5
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Appendiz H. Processed test results
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Appendiz H. Processed test results

Test series Lower slope Upper slope
95) Hmo/(ADps5o)  Rc/Hmo  B/Lm-_1,0 D Hpmo/(ADnso)  Re/Hmo  B/Lm—1,0
T103x 1.25 2.58 -0.024 0.35 - - - -
T104x 1.17 2.41 -0.063 0.28 - - - -
T105x 1.08 2.22 -0.069 0.15 - - - -
T106x 1.55 3.19 0.488 0.28 - - - -
T107x 1.53 3.15 0.513 0.22 - - - -
T108x 1.26 2.60 0.612 0.13 - - - -
T110x 1.07 2.20 -0.845 0.29 - - - -
T111x 1.11 2.29 -0.801 0.14 - - - -
T112x 1.11 2.87 -0.639 0.30 - - - -
T113x 1.11 2.29 -0.067 0.20 - - - -
T114x 1.08 2.22 -0.069 0.07 - - - -
T115x 1.17 2.41 -0.063 0.13 - - - -
T116x 1.34 2.76 0.575 0.12 1.65 3.40 0.467 0.10
T117x 1.11 2.29 0.681 0.07 1.43 2.95 0.529 0.06
T118x 1.55 3.19 0.497 0.14 1.67 3.44 0.462 0.13
T119x 1.11 2.29 -0.801 0.07 - - - -
T120x 1.11 2.29 -0.801 0.19 - - - -
T121x 1.03 2.20 -0.831 0.14 - - - -

Table H.3: Increase stability factor rp relative to Van Gent for N,q = 1.5
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Correlation stability formulae for

uniform slopes

¢ Figure Damage development on uniform slope compared with design formulae.
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Appendix 1. Correlation stability formulae for uniform slopes
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Figure I.1: Damage development on uniform slope compared with design formulae
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Appendix J

Damage development on bermed

slope

e Figure[J.1} Damage development for lower slope and berm
g

e Figure Damage development for upper slope
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Appendiz J. Damage development on bermed slope
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Figure J

.1: Damage development for lower slope and berm
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Appendix K

Stability increase bermed slope

The increase in stability - expressed by rp - is related to formula described by [Van Gent et al.
(2003). This formula doesn’t include the influents of the wave period and therefore makes
no distinction between wave steepness. The values of rp for each test series can be found in
Table [4.1]

Figure Stability increase lower slope and berm for R, < 0

Figure Stability increase lower slope and berm for R, = 0

Figure Stability increase lower slope and berm for R. > 0

Figure Stability increase upper slope for R. > 0
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Figure K.1:

Stability increase lower slope and berm for R, < 0
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Figure K.2:

Stability increase lower slope and berm for R, = 0
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Figure K.3:

Stability increase lower slope and berm for R, > 0

90



Appendiz K. Stability increase bermed slope
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Figure K.4:

Stability increase upper slope for R, > 0
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Appendix L

Influence governing parameters

e Figure Influence of the relative berm length on rp

e Figure Influence of governing parameters on increase in stability.
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Appendixz L. Influence governing parameters
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Figure L.1: Influence of the relative berm length on rp per tested water level
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Figure L.2:

Influence of governing parameters on increase in stability
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