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Preface

This report presents the findings of the study iggmmetrically open, hydraulically

sand-open filters to be applied in breakwaters vattsand core. The study was
initiated by Van Oord Dredging and Marine Contrastbv, in cooperation with the

Hydraulic Engineering section of the faculty of Ckngineering. Van Oord is one of
the largest dredging companies worldwide with a ddt experience in coastal

protection works like breakwaters. The companyvatti participates in this type of

research by supervising thesis students togethiertiae University.
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flume) of the Fluid Mechanics Laboratory of the tg®wt of Fluid Mechanics at the
faculty of Civil Engineering. The laboratory fatdlies research of thesis students,
phd-students and others in the field of Fluid Metbsiand Hydraulic Engineering.

A graduation committee has been formed to supemnisestudy and evaluate the
results:

Prof. dr. ir. M.J.F. Stive

Professor of Coastal Engineering at the sectionHgélraulic Engineering and
Chairman of the committee.

Ir. H.J. Verhagen

Lecturer of Coastal Engineering (bed, bank and eslpootection, breakwaters and
closure dams) at the section of Hydraulic Engimeeand supervisor of the thesis
work.

Dr.ir. W.S.J. Uijttewaal

Associate professor of Environmental Fluid Mecharaad responsible for the Fluid
Mechanics Laboratory. Supervisor from the Fluid Ntics section.

Ir. G. Smith

Senior Engineer at Van Oord Engineering Departmamd supervisor from the
participating company.

Wouter Ockeloen

May 2007
wouterockeloen@hotmail.com
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Dutch abstract

Open filters in golfbrekers met een zandkern

Afstudeeronderzoek naar een alternatief ontwerpr \galforekers van granulair
materiaal zoals zand en breuksteen. De golfbrekedibij dit ontwerp opgebouwd
uit een kern van zand, met direct daarop een laaje gstenen, zonder de
tussenliggende filterlagen die gebruikelijk zijne Bnkele laag stenen fungeert als één
open filterlaag die de door de golven opgewekiensing en turbulentie genoeg moet
reduceren om de erosie van zand door de filteladgeperken tot een acceptabele
hoeveelheid. Door een gecontroleerde hoeveelheglestoe te staan en de noodzaak
van onderhoud te accepteren, kan het alternatie¥esp over de levensduur van de
constructie zeer kostenbesparend zijn.

Test 10 Hs = 10 cm, Tp = 2,00s, varying T

In samenwerking met Van Oord, een van de wereldiheadkrs op gebied van
baggeren en kustwaterbouw, is aan de TU Delft eetlel@oek gestart naar de
toepasbaarheid van de zeer open filters op eerkeandVijn afstudeeronderzoek is
het tweede achtereenvolgende in dit grotere ondkrziat tot doel heeft om een
goede theoretische beschrijving van de optredemdenaatgevende processen te
geven en een praktische ontwerpmethode te ontweikkebor het gebruik van een
zeer open filterlaag op zand. In mijn afstudeeronakek richt ik mij op de relatie
tussen de golfhoogte, -periode en —regelmatigh@idde hoeveelheid erosie die
daarbij optreedt.

Modelproeven voor het onderzoek zijn uitgevoerdenlange sedimenttransport goot
van het Vloeistofmechanica laboratorium. Deze dmeschikt over een golfgenerator
die de constructie belast met een gewenst golispec De resultaten zijn
geanalyseerd voor relaties tussen belasting efeeros

Afstudeercommissie

Prof.dr.ir. M.J.F. Stive TU Delft, Faculteit Civiele Techniek
ir. H.J. Verhagen Sectie Waterbouwkunde
dr.ir. W.S.J. Uijttewaal i.s.m. Van Oord bv

ir. G. Smith
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Summary

Breakwaters are found all around the world whes&wcture, beach, harbour entrance
or another object on the coast has to be protexgathst waves. In this study, focus is
aimed at rubble mound breakwaters, constructedrariudar materials like quarry
rock and sand. Recent developments in construagtimthods and lifetime cost
calculations have led to interest in designs wéthdscores covered by only one or two
layers of relatively large stones (hydraulicallyndaopen filter), resulting in a
breakwater that is unstable when the traditiongé¢ica are applied. Deformation to
some degree in a storm and maintenance works afésrm can be accepted if the
circumstances allow it and if the savings in camndton costs outweigh the extra
maintenance costs.

Objective

The objective of this study is to find relationg the influence of variations of the
hydraulic loading, slope steepness and gradingitef material on the stability and
erosion patterns of core material in a breakwaterfiguration with a hydraulically
sand-open filter on a sand core. The growth patiéthe erosion and the occurrence
of an equilibrium situation in this erosion, are tinain interests as results of the tests.

Breakwater layout and filters

The core of the breakwater has to fill a large wwduand has to be strong enough to
support the filter and armour layers. Sometimesctire is made of sand, but usually
of quarry-run, a variation of grain sizes that cenfiem the quarry and needs very
little selection.

Armour layer

Filter layers

__:______\/l i
/_/ | Core
|

The purpose of a filter layer is to block the urgieg stones from being washed out
and to let water flow in and out to prevent excgater pressures inside the pores. For
the traditional geometrically closed filters, thpem spaces between the grains in a
filter layer are smaller than the characteristimgisize of the underlying material and
the permeability has to be higher than that ofutheerlying material. Simple rules for
geometrically closed filters can be applied to aeetithis. Geometrically open filters,
for which the grains of the under layer are nowtkepplace by the reduction of the
loading, are presently used as well. The filterelalyas to give enough resistance to
the loading to reduce it below the point at whichigs of the under layer begin to
move. When the grains of the filter layer are elagger, the filter layer is in fact not
stable anymore. The loading is reduced, but not evelugh to prevent transport of
the grains of the under layer; some erosion of natdrough the filter layer will
occur. This type of filter is called hydraulicahand-open and is the subject of this
study.

vil Van Oord i
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Geometrically open filter processes

Breaking waves are the dominant loading force fagakwaters. Inside the rubble
material, the energy from the waves is reduced.vBbecities and turbulence caused
by the waves rapidly diminish inside the filterdicating that a thicker filter gives
more reduction. The waves induce a hydraulic gradighich drives the porous flow.
For the present study parallel flow through theefillayer was found to be the most
important loading mechanism. With parallel flowgtkelocity in the filter is much
higher than in the core with its higher resistan€tee velocity difference at the
interface causes a shear stress on the upper gfaihe base material, causes grains
to move along the interface. Sand is transportedllphbto the interface.

Scale effects

The scaling down from a prototype to a model giggmificant problems. The
different properties of water cannot all be scadesvn with the same factor because
the effects are not linear. One can keep the Froudgber the same in prototype and
in model (Froude-scaling) to keep the inertia aral/iy forces in the same ratio, but
then the Reynolds number changes and viscous foemsne too large. Sand cannot
be scaled down because the range of grain sizmsiisd. Smaller grains become silt
or clay and behave differently. Scale effects héeen analysed and quantified
theoretically and found to be limited to about 5&¥idtion of porous flow velocities.

Dimensional analysis of the processes

With a dimensional analysis, a process is desctiyedon-dimensional parameters to
be able to see influences of different parametmgardless of the scale or the absolute
guantity.

Pw, U

The most useful result is a combination of dimemgiss terms describing the erosion
area as a function of wave and structure parameters

d JgHD
A =F |,N,_fﬂﬂ&L =F{I,N,m%,mf,’&,R%
f pw

Test program and setup

Many parameters are involved in the erosion praesgsside the breakwater. They
have been analysed and a test program has beenmalkieh the relevant adjustable
parameters are varied. 17 tests have been perfamvaach the wave height, period,
regularity, steepness, filter grading and slopestess have been varied. The basic
setup of the reference tests is shown in the figetew.

]
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Slope =1:3 -

. Wave gauges
/» Fixed board Filter Df50 = 26 mm /
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Test results and observations

The results and observations of test 10 are sh@eause the long period makes clear
observations of the erosion process possible. Atarinutes of wave attack, a thin
erosion area and a bit larger accretion are visidleady. After 90 minutes, the
erosion and accretion area are clearly visible. dilesion grows fast in the beginning
of the test, but the growth rate decreases graddaling the test.

After 5 minutes After 90 minutes

Waves are generated by the wave board and traxaigh the flume towards the
breakwater cross section on which they break. @nirtkerface between filter and
core, the sand slope, the waves do not breaknteeal water level just runs up and
down the sand slope. The amplitude of this intewwale is much smaller than that of
the external wave that drives it, while the perimthe same. Sand is transported over
the sand slope through the pores of the filterrlay#hen the internal wave runs down
over the sand slope, bedload sand transport casbberved for smaller waves and
suspended-load transport also for larger waveswewes with smaller heights than
about 4 to 5 cm (of the external wave), no trantsporisible. When a wave is running
up, the cloud of sand tends to move under an upwaagle. The duration of this is
short, about a quarter of the total wave periogévan less. When a wave is running
down, the suspended sand moves down with the Wateover the sand slope.

During wave run-up most sand transport is suspetahati transport, induced by the
strong acceleration during a short time. During svaundown both bedload and
suspended-load transport occur; the up-building flost induces bedload transport
and when the flow gets stronger suspended-loadpoahis added. For smaller waves
only bedload transport occurs and for very smalega < 5 cm in the tests) no

transport occurs at all.

ix Van Oord ﬁ
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Analysis of the test results

The erosion area is the area between the origamal slope and the eroded sand slope
in the part of the slope where erosion takes place.
La

Sand core .
B

During the tests, the erosion area grows. Obsenstshow that the growth-rate
decreases during the tests, but without reachinggaiiibrium state. The erosion was

found to grow as a function ofN (N = number of waves)A O+/N, with a constant
factor that is different for each test.

Erosion area relations

The erosion area seems to be related to the sop@iref the wave height. Because of
this quadratic relation, the root-mean-squared waeght H,,s can be more
interesting than thels, since it is related to square values of the wasights as well.

It was found thatA OH,_Z2for:H _>H and: ¢ = consl. Like this relation,

rms rms threshold
the other dimensional relations that were investahow consistency for only a
certain part of the tests, with e.g. a constant

Existing open filter design criteria

In the test results, a threshold value of the logdi.e. the wave height) has been
found below which no erosion occurs. This threshodsthcides with the existing
design criteria for geometrically open (but hydially sand-tight) filters.

Dimensionless parameter relations

Two interesting results were found, of which thestfi(left figure) is based on the
dimensionless relation shown above and the seaagtu igure) is a further curve-
fitting of these parameters to fit the test datg@sd as possible.

AS/(HrMs*L0) ()

As/(Hrms*L0) vs ((Irms YN )/m) Erosion area vs hydraulic gradient
all tests
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Open filters in breakwaters with a sand core

In both relations, the parallel hydraulic gradiplatys an important role. This gradient,
which was estimated for all tests including thoEE&lelman, drives the parallel porous
flow which is the dominant loading mechanism foe #rosion process. In formula
form, the found relations are:

[ 0,2
First: A =O,16,/IrmS—N— 0, O¢. Second:izo,z{lrmsﬂj -0,4
H LO m HI’mSLO m

rms

The shortcomings of these relations are that thadrdufic gradient is difficult to
calculate from wave and structure parameters aaidthie influence of the core grain
size is not in the relations. Further researcleé®@mmended for this.

Conclusions

— Parallel downward porous flow is the dominant lo@diprocess rather than
turbulence by the breaking waves.

— The parallel downward porous flow is driven by thyalraulic gradient that sets in
from the internal setup- or run-up level to theeewal rundown level.

— The amount of erosion grows with the square-roothefnumber of waves. An
equilibrium state has not been found during thatnedly long tests.

— A threshold value for the loading has been founidwevhich no erosion takes
place. This threshold coincides with the existiegign criteria for geometrically
open filters.

— The amount of erosion was found to depend on theevisgight and length, the
hydraulic gradient, the number of waves and thatixa filter layer thickness.
The hydraulic gradient is a complex function of wgvarameters and structure
parameters.

— The erosion area and erosion depth are both retatdde square of the root-
mean-squared wave height. The regular wave heigtests with regular waves
can be compared to thifms.

— The erosion length is related to the significanvevheight.

— The wave period has a large influence on the engsiocess.

— Two dimensionless relations have been found (meaticabove) which apply to
all tests including Uelman’s. The influence of cgmin size and a calculation
method for the hydraulic gradient still have tofdend.

Recommendations for further research

- It is recommended to search for relations for tlgdraulic gradient, by getting
good estimates of the wave rundown on rubble malmges, combined with the
wave run-up and to relate it to the gradient.

— It is recommended to perform a scale series tesjram to get more certainty
about the magnitude of scale effects, for instamt¢lee same wave flume.

- It is recommended to perform wave flume tests wlnying grain sizes of the
sand in the core. This can easily be combined thithrecommended scale series
tests by extending the program.

— It is recommended to perform physical model tasthe wave flume to study the
influence of a berm, low/ submerged crest and wkdeel variations and to
perform tests in a wave basin to study the infl@emfcoblique incident waves, the
behaviour of the breakwater head and the combmatiavaves and currents.

i Van Oord i
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Notation

a,b,ca,fy - Dimensional coefficients

As - Total erosion area

C - Concentration

Ca - Cauchy number

C - Empirical constant

Dox - Grain size base material (core) of which x %h# mass of the
grains has a smaller diameter

ds - Thickness of filter layer

Dix - Grain size filter material of which x % of the ssaof the grains
has a smaller diameter

ds - Erosion depth

Eq - Energy dissipated on and within the structure

E - Incident energy

E - Reflected energy

E - Energy transmitted through the breakwater

Eu - Euler number

Fo - Drag force

Fr - Friction force

F - Lift force

Fr - Froude number

Fs - Shear force

Fw - Gravity force

g - Acceleration of gravity

H - Wave height

Hm - Mean wave height

Hs - Significant wave height

Hims - Root-mean-squared wave height

I - Hydraulic gradient in the filter layer

lor - Critical hydraulic gradient

lrms - Equivalent value for the root-mean-squared gradie

K - Coefficient to take into account the differendeflow in open
channels and in granular filters

L - Characteristic length dimension

La - Absolute erosion lenght

Lo - Deepwater wave length

L, - Relative erosion length

Lro - Relative erosion length 2

m - Relative filter layer thickness @/Diso)

N - Number of waves in a test

Nt - Porosity of filter material

n - Length scale

Np - Pressure scale

N - Time scale

Ny - Velocity scale

Nt - Porosity of the filter material

Ny - Scale factor of the physical parameter or quamtit

Re - Reynolds number

S - Bedload sand transport
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S - Suspended-load sand transport

St - Strouhal number

T - Wauve period

U - Mean velocity of the undisturbed flow

Uscr - Critical shear velocity according to Shields

Us - Filter velocity

We - Weber number

o - Slope angle between the slope and the horizontal
n - Dynamic fluid viscosity

v - Kinematic viscosity of water

Ds - Density of the stone material

Pw - Density of water

¢ - Iribarren parameter or surf similarity parameter
W - Shields parameter

Xix Van Oord i






Introduction

Chapter 1

Introduction

Harpowe s

Oncoming wivas

Undariayer _/

Man armour layes

1.1 General introduction

1.2 Breakwaters

1.3 Structure of the report

Van Oord ﬁ



Open filters in breakwaters with a sand core

Chapter 1 Introduction
Chapter 1 gives a general introduction to this wtadd report, an introduction to

breakwaters with an explanation of rubble moundibsaters and breakwater design,
and a description of the structure of the report.

1.1 General introduction

Breakwaters are found all around the world whestracture, beach, harbour entrance
or another object on the coast has to be protexathst incoming waves. They take
many forms and shapes and are constructed of wanmaterials. In this study, focus

is aimed at breakwaters constructed of granulaenadd like quarry rock and sand.

Many examples exist of so called rubble mound lweadrs, constructed mainly of

qguarry rock. Throughout the years, experience amviedge of the processes and
stability criteria increase, leading to more ecoroaesigns.

* .
Y " Vg -
o -, . s —

Figure 1-1 Left: Breakwater at Provincetown, USA, minted by Barbara Cohen (from: BC-Print)
Right: Storm surge hitting the Los Angeles breakwatr (from: LA city Lifeguard Association)

Recent developments in construction methods aetintieé cost calculations have led
to designs with for instance a large amount of edofberm) on the outer slope of
breakwaters which are redistributed over the slopéhe waves (the so called berm
breakwater), and to interest in designs with samr@sc covered by only one or two
layers of relatively large stones (hydraulicallyndaopen filter), resulting in a

breakwater that is unstable when the traditioniéiga are applied. Deformation to
some degree in a storm and maintenance works afsésrm can be accepted if the
circumstances allow it and if the savings in camngton costs outweigh the extra
maintenance costs.

The interest in breakwaters with a sand core ardfaufically sand-open filter has

lead to the research into the stability and apbpilitg of these structures, with the
eventual goal of having a reliable design tool.h&sis study has been done by E.F.
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Introduction

Uelmart, who performed physical model tests in a wave #uwith regular waves
loading the cross section of a breakwater. Thisihwater consisted of a sand slope
with a steepness of 1:3 and a single layer of stowéh varying grain size and layer
thickness in the different tests. The results skeovsion of core material during wave
attack, but also a tendency of the erosion grow@mnt equilibrium situation within the
duration of the simulated storm, thus showing @&ptally valuable design method.

The present thesis study is the next step of tlseareh into the stability of

breakwaters with a sand core and hydraulically sgyeh filter. The results of the

former tests and the available knowledge from adjaapplications form the basis to
a new test program in which focus will be at perfance of the breakwater design
under irregular waves, variation of the wave heightl period, variation of slope
steepness and filter material grading, and on thgnitude of scale effects that are
inevitable for tests on a small scale.

Figure 1-2 Example of test 14 before the tests (tgfind after 90 minutes of testing (ritght)

The objective of this Msc. thesis is to find redas for the influence of variations of
the hydraulic loading, slope steepness and gradlirfgter material on the stability
and erosion patterns of core material in a breadwatonfiguration with a
hydraulically sand-open filter on a sand core. Tividl be done by performing
physical model tests in a wave flume. The growtkigoa of the erosion and the
occurrence of an equilibrium situation in this évos are the main interests as results
of the tests.

In this report, first the general aspects of brestkrs, filter layers and hydraulically

sand-open filters are explained in the introductiafter which chapter 2 gives an
overview of relevant existing knowledge, includittte results of Uelman (2006),

leading to a problem analyses and formulation efdhjective in chapter 3. The scale
effects and internal processes are further elabdrat chapter 4, after which a test
program is put together in chapter 5. The resuttspaesented in chapter 6, followed
by their analysis in chapter 7. Chapter 8, finalymmarizes the conclusions and
recommendations for further research.

! Uelman (2006) [49]
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Open filters in breakwaters with a sand core

1.2 Breakwaters

The ancient Greeks and Romans already built bretgkevéo protect their harbours
from the waves of the Mediterranean. Sometimes ethegre rubble mound
breakwaters made from rock found in the vicinitytied harbour, and sometimes even
monolithic structures, for instance the concreteakwaters built by the Romans.
From the nineteenth century on, composite strustbese been built as well, existing
of a foundation berm of rubble material and a mitimiolstructure on top of the berm.
These composite breakwaters showed to be more mvoiio relatively deep watér.

In more shallow water, often rubble mound struguage applied and sometimes
monolithic structures are applied when the subisoduited for a good foundation.
The rubble mound structures are found all arouedatorld.

1.2.1 Granular or rubble mound breakwaters

Granular material is loose, non-cohesive mateik& Quarry rock or sand. Rubble
mound breakwaters are made of granular materialtiaefore also called granular
breakwaters. In essence, a granular or rubble mbreakwater exists of a large heap
of loose rock, usually with a core of varying graiaes, on which a number of filter
layers with increasing grain sizes are placed, amcbuter armour layer with large
selected stones that are heavy enough not to Heediasvay by the waves.

Figure 1-3 Example of a granular breakwater, photdoy Gary Curtis (from: fantompoet.com)

Armour layer

Filter layers

Figure 1-4 Basic layout of a standard granular brekwater

2 0’ Angremond and van Roode (2001) [4]
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Core of the breakwater

The core of the breakwater has to fill a large wwduand has to be strong enough to
support the filter and armour layers. Additionafjugements can for instance be
limitations to the amount of transmitted wave egepmetimes the core is made of
sand, but usually of quarry-run, a variation ofigrsizes that comes from the quarry
and needs very little selection. Large quantities aeeded; therefore relatively

inexpensive materials are used.

Geometrically closed filter layers

For the filter layers, selected grains are usetl wigrading that fits the design. The
purpose of a filter layer is to block the undentyistones from being washed out and
to let water flow in and out to prevent excess watessures inside the pores. The
open spaces between the grains in a filter layeulshtherefore be smaller than the
characteristic grain size of the underlying mateaiad the permeability should be
higher than that of the underlying material. Simplées for material properties like
the TerzagHirules for geometrically closed filters can be @mpto achieve this. This
type of filter layer is called geometrically closkdcause the grains of the under layer
are physically blocked by the filter layer; thedar grains of the under layer are
smaller than the constrictions (open spaces bet#egrains) of the filter layer.

Geometrically open filter layers

A filter layer, a layer of rock selected on a grafof grain sizes, gives resistance to
the porous flow inside, that is driven by the wawedlow loading the structure. The

filter layer reduces the loading in this way. Ifilker layer has constrictions that are
large enough to let the grains of the under laysspit is called a geometrically open
filter layer. The grains of the under layer are napt in place by the reduction of the
loading; the filter layer has to give enough resise to the loading to reduce it below
the point at which grains of the under layer bégimove and are transported.

Hydraulically sand-open filters

When the grains of the filter layer are even largelative to the grains of the under
layer) than for geometrically open filters, thedillayer is in fact not stable anymore.
The loading is reduced, but not well enough to ené\transport of the grains of the
under layer, so it is to be expected that underdidgign loading, some erosion of
material through the filter layer will occur. If ithamount of erosion is known
beforehand and maintenance is accepted to repalffiler layer after a storm, this
type of filter layer can be more economic than #hbe®ve described types because
fewer layers are needed to close the gap betweesntiall grains of the core and the
large units of the armour layer. This type of filie called hydraulically sand-open.

1.2.2 Developments in granular breakwater design

For granular breakwaters, a tendency from geonadliriclosed structures towards

geometrically open structures and possibly inytialhstable structures where a certain
loss of material is accepted can be observed.r&tance the berm breakwater, where
a large amount of stones is placed and redistiibimi® a stable shape by the waves,
or a breakwater with a hydraulically sand-operffibn a sand core, where a certain

3 Schiereck (2001) [42]
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Open filters in breakwaters with a sand core

loss of core material under design conditions epted, are either applied or under
development. The latter example is the topic of gtudy.

Increasing knowledge

For geometrically closed filters, the classical vadyouilding filters, simple rules can
be applied. The grains are physically blocked bg ftiier layer above, only the
armour units are loaded directly by the loading &ade to be designed for the
particular loading situation. For geometrically apiters, also the under layers are
directly loaded by the external loading as theefiiltayers only reduce the loading.
More knowledge is necessary about the values f@skiold of motion of different
grain sizes and reduction of the loading by thefrfilayer to come to a good design. In
the nineties of the former century, design relatioand diagrams have been
constructed for the practical application. For faydically sand-open filters, besides
the threshold of motion, also the amount of transpaod erosion of core material
through the filter and the effect of that on theisture as a whole has to be known.
Research into this type of filter layers is onlyywescent and going on.

Accepted maintenance programs

Recent developments in construction methods andufabosts have changed the
designs of coastal structures. Labour intensivesttanotion methods have become
more expensive where bulk transport and positiomhgand and rock has become
relatively less expensive due to larger and mofeiefht machines like dredgers,
stone dumping vessels and other equipment. Thesdopenents lead to a situation
where maintenance of a structure during its lifetioan be more economic than a
very rigid design. The interest for hydraulicallgnsl-open filter structures fit in this
development where maintenance is considered in ow@tdn with construction
costs.

1.3 Structure of the report

This report presents the findings of the thesiggato To give an overview of the
contents, the structure is explained per chapteraBnformation, graphs and notes
per article from the literature study are showthia appendices.

Chapter 2 gives an overview of the theory on gedoadty open filters as found in
the literature study. The important processes ammledge about similar processes
are described.

Chapter 3 analyses the problem of applying hydralyi sand-open filters in a
breakwater. The lacking knowledge for this appiaatis studied and the essential
parameters are defined. After that, the objectivéormulated as a part of a larger
research into to the topic of hydraulically sanckofilters.

Chapter 4 describes and analyses the scale effedtthe processes that occur inside
the filter layer. A dimensional analysis of the gges as a whole and of separate parts
of the process has been performed and the reselt€mmpared with findings in
literature for similar processes to come to a gtieation of scale effects.

Chapter 5 shows the test program of the model tegisvariation of the hydraulic
loading. Choices for the parameters of the differmsts are made based on the
expected influences of those parameters on theoerqwocess. The test setup,
materials and measuring techniques are describeglas

]
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Chapter 6 shows the results of the tests and dedetiescription of the observations
during the tests. The data obtained from measwamegransformed into graphs and
one page with the most important information isvhdor each test.

Chapter 7 presents the analysis of the test restilie erosion parameters are
calculated and related to the loading parametenge dimensional analysis from
chapter 4 is used to find dimensionless relatiogtsvben loading and erosion that can
be used for design purposes.

Chapter 8 gives the conclusions and recommendafiongurther research. The
conclusions are formed by the main conclusions driram the analysis of the tests
and by the evaluation of these results to the ¢bgof the study, which allows
placement of the results in the larger researah hiytraulically sand-open filters. The
recommendations give possibilities for differentnfis of further research to reach the
eventual goal of having good descriptions of thasien processes and making a good
design tool.

In the appendices, a study of the report of E.Fmidg, the first graduate student that
studied this subject, is presented, after whichcand of the literature study is shown
with notes and comments for the studied articldése Work plan is added and extra
graphs and plots from the model tests are shown.

4 Uelman (2006) [49]
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Open filters in breakwaters with a sand core

Chapter 2 Theory geometrically open filters

This chapter gives a general overview of the thedrgut geometrically open filters
and the processes involved. The theory is obtdwroed a literature study, of which a
more detailed report with references is given ipapdix Il.

2.1 Existing design criteria and new developments

Geometrically closed filters

Criteria for geometrically closed filtetsften result in uneconomical designs. The
resulting multiple thin layers are difficult to cstnuct and a number of gradations are
needed. In situations with considerable flow vdiesi or wave conditions during
construction, it can be a problem to constructfits¢ layers of quite fine material.
Separation of the graded material and loss of na&tme hard to prevent.

Geometrically open filters

From around the mid 1980’s, new criteria have bdeweloped, for geometrically
open, but hydraulically sand-tight filt&rsThe result is a more economic filter design,
but more knowledge about the hydraulic conditiansecessary. The research for this
topic is aimed at understanding primarily the psses leading to incipient motion,
the filter is considered stable when no or a nédgkgamount of erosion takes place
during design circumstances.

Hydraulically sand-open filters

To go one step further towards economically desiditter constructions, the focus is
now aimed at geometrically open and also hydrallylicsand-open filter§ hereby
accepting a certain amount of loss of (core) matehiuring design circumstances.
This loss can either be supplied by maintenancekwanr just be accepted when it
poses no threat to the construction at all. Far Wy of designing filters, however,
even more knowledge about the occurring processesaded.

°De Grauw et al. (1984) [15]
® Klein Breteler et al. (1990) [31]
" Uelman (2006) [49]
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Theory geometrically open filters

2.2 Geometrically open filter processes

The purpose of the filter structure in a breakwadp protect the core material from
being washed out by the pressures and flow forgethd loading. For a breakwater,
usually the loading by waves is dominant resulimgyclic (irregular) pore pressure
variations, causing porous flow.

2.2.1 Loading

Breaking waves

Waves are the dominant loading force for breakwgatét sea, wind-waves are
generated with different wave height and periodrifiustorms, waves with a height
of 10 m and periods of 10 to 12 s are no excep¥ind-waves are irregular, making
them difficult to model; a spectral analysis is alfyutaken for this purpose. When
waves enter too shallow water (or become too stdle@y start to break. The type of
breaking differs and can be described by the Irdmar parametér

tana gT?

5:m with L=

plunging; the top of the wave forms a separat@ljgtging into the trough in front of
it. The impact of the jet and the pressure vanetioaused by this type of breaker are
very high and this type of breaker causes the rdastage. For typical wind-wave
parameters and typical breakwater slopes, thisgmgrbreaker type is very common.

. For values around = 1,5, the breaking is called

Wave modelling

It is quite difficult to calculate or model wavdRegular, non-breaking waves can be
calculated using the linear wave theory, but wiedeyated waves loading a
breakwater are in fact irregular and breaking. Begeinto numerical modelling of

breaking waves is ongoing, resulting in increagingbod representation of wave
loading. The VOF (Volume of Fluid) methdtogether with some form of the

Navier-Stokes equations, gives quite good results.

Load reduction in armour/ filter layers

Inside the rubble material, the energy from the egais reduced. The incoming
energy is first dividedg = E, + E + E: incoming energy = absorbed + reflected +

transmitted energyE ::—gngiz. The velocities and turbulence caused by the waves

rapidly diminish inside the filter, indicating thatthicker filter gives more reduction.
However, deeper than a distance of about D4 inside the filter, no further
reduction has been foutfd Thicker filters do work better for erosion pretien, but
the cause must be sought in the longer path gdditiee core have to travel to get out
of the filter, experiencing more resistance.

8 Schiereck (2001) [42]
°Van Gent et al. (1994) [13], Troch (1996) [45]
10 Schiereck et al. (2000) [43]
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2.2.2 Porous flow and hydraulic gradient

The pressure fluctuations induced by the wavesecpasous flow inside the filter and
core. In sand, the flow is laminar and only lamin@sistance has to be taken into
account. In larger grained material (filter or krggrained core), turbulence and
inertial resistance have to be taken into accoamwell. The (extended) Forchheimer
equation® relates the hydraulic gradient to the  pore-vejocit

| =all +bU [|1J|+CO|O|—LJ[J Of the terms, the first = laminar, the second rbulence,
the third = inertial resistance. The coefficientdand c have their own expressions
with empirical coefficients in them. For laminaowW (in sand), only the first term is
important, reducing the equation to Darcy’s lawthwk = 1/a.

Hydraulic gradient

The hydraulic gradient is the gradient in hydrapliessures, and causes the water to
flow. The pore-size and with that the resistancéhefmaterial depends on the grain-
size; sand with a very small grain size has a hmigbsistance than gravel or rock with
larger grain sizes. A higher gradient is then ndddeagive the same flow rate.

Parallel and perpendicular flow

Two basic flow situations can be separated: parahel perpendicular flow. With
parallel flow, the hydraulic gradient is the samdilier and core, and the velocity in
the filter is much higher than in the core with hiigher resistance. The difference in
velocity also causes a difference in the velocityhe phreatic surface, resulting in a
discontinuity between fiter and core. This is edll the disconnection. With
perpendicular flow, continuity demands the samer@yed) flow rate in both filter
and core. Therefore a higher gradient in the cbam tin the filter is needed. Both
perpendicular and parallel flow occur under wallng.

Internal set-up

A phenomenon frequently present in breakwatemstesnial set-uff. The water table
inside the breakwater is higher than the still wadéeel outside. Outflow of water
mainly happens in the lower part of the slope wager has to flow through a smaller
area than during inflow. This requires a higheisptge gradient, realized by a higher
water level inside.

Modelling porous flow

More and more is known about the processes ocguinrithe rubble material, but the
modelling of these processes is still difficultidtpossible to couple a VOF model for
breaking waves to a model for porous flow, e.gnggshe Navier-Stokes equations
with the Forchheimer resistance teffndt is, however, still not possible to solve
these equations inside the pores to get the ekactvelocities, due to the complexity
of the system and the amount of calculations needledrefore, the velocities are
averaged over an area larger than a pore, butentalin the characteristic length
scale of the physical problem. It is however diilificult to take the turbulence

generation-dissipation properly into account.

Hvan Gent (1995) [14]
2De Groot et al. (1988) [17]
B Liu et al. (1999) [33]
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2.2.3 Stability

The ratio between the grain sizes of core and fifteterial is an important parameter
for the stability of filters. For open filters thatio ns*D 115/Dpso is often used. The area
of interest for geometrically open filters'1s2,5 < 6*D15/Dpso) < 6 & 7. For lower
values the filter is geometrically closed; for regtvalues fluidization occurs and the
filter becomes hydraulically sand-open. These highedues are the focus of this
study.

Initiation of motion

For parallel flow, the velocity difference at thatarface described earlier causes a
shear stress on the upper grains of the base alafiris shear stress causes grains to
move, especially along the interface. For perpenadicflow, a hydraulic gradient
above some critical value initiates the transpbitare material into and through the
filter.

Stabilising mechanisms

Two mechanisms can cause an unstable appeariag thitbe stable (perpendicular

flow): Grains, set in motion by the wave-inducedotuence and transported through
small constrictions, arrive in larger pores withvér water velocities and slow down

and stop moving further. The second is arching:lisgrains form arches over the

constrictions preventing wash out. Cyclic loads @& destroy arches and have a
lower critical gradient than steady loatls

Critical hydraulic gradient

The critical hydraulic gradient is the gradienttthes at the initiation of motion and is
a function of core- and filter material charactécs and of the flow type (filter
velocity, physical properties of water). De Graul®&3) related this critical parallel
gradient to the critical Shields velocity (empithga

O 06 n5/3D1/3

l, = [ et f5,3JU 2, . If the pore spaces of the filter are large retativ
n; D;;; 1000D.;,

the grain size of the core material, the critide¢a stress at the interface is assumed

to be equal to that at the bottom of an open cHatwexl material equals core

material). Klein Breteler used the Shiéfisriterion to relate the critical filter velocity

to the D50 of the core material. For turbulent flparallel to the interface at a

— C7¢/bAb Db50 .

horizontal bed this results i, >
K Df15

Modelling problems

With the known theoretical and empirical informationodelling should be possible,
but as stated above, the determination of exadtiees and velocities inside the
pores is still problematic. Nevertheless, numenisatelling is improving and results
are promising.

1 Schiereck (2001) [42]
15De Grauw et al. (1983) [16]
16 Schiereck (2001) [42]
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2.2.4 Transport of material

The transport mechanisms for perpendicular andipkflaw are different and can be
described separately, although under wave loadath types occur simultaneously,
making the total process rather complicated. Ton ganderstanding about the
processes the distinction is made however.

Forces acting on a grain

Flow over a grain results in a drag force, a slieae and a lift force. The submerged
weight keeps the grain in place, together withftietion force of friction with other
grains. As long as the weight and the friction large enough to balance the drag,
shear and lift forces, the grain stays where ibig, when the flow induced forces
become too large, the grain starts to move. Thecigl for which there is just a
balance is the critical velocity, and the gradientresponding to it is the critical
hydraulic gradient.

Perpendicular transport

The type and magnitude of perpendicular transpepedds on the gradient in the core
layer*’. For low gradients| ependicular = head difference / distanee1-2), the grains
only rotate or shake a bit. For higher gradientskndicular = 2-3), pores are
sporadically suddenly filled with a high densityxtoire of water and core material.
For values ofl perpendicular = 3-8, transport through channels of several catgms
occurs. For gradients higher than approximalg@lyendicuar~ 10, a thin mixture flows
through the filter. The perpendicular transporaliways collective, because when a
single grain moves from the core, the gradient ddtrease and the grain will fall
back. This does not happen when the gradientge lanough for collective transport.
A sharp boundary between a penetrated and a dleand observed.

Parallel transport

Parallel flow results in transport in the same dion, governed by independent
movement of grait§. For low velocities (once or twice the criticallagity), grains
move along the interface in a very thin layer aftjone grain thickness. For higher
velocities the thickness of this layer increasdseng the grain velocity is about half
the flow velocity.

Modelling transport

For the modelling of the amount of transport, dethiinformation on the flow
velocity field is needed. As this is still diffidufor breaking-wave-induced porous
flow, the modelling of the transport is also diffic Research is going on, but no good
working model for this is available yet.

2.2.5 Deformation of the structure

When designing breakwaters economically optimakeain amount of damage (e.g.
loss of core material), can be accepted, when eraamice is expected to cost less than
a more rigid design. For this purpose, the amotintaterial that is transported out of
the core and the reaction or deformation of therfl&ind/ or armour layer to this must
be predicted. At this moment, no clear method @lable to do this in a reliable way.

" Den Adel (1992) [2]
18 Den Adel (1992) [3]
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2.3 Scaling problems

The scaling down from a prototype to a model giggmificant problems. The
different properties of water cannot all be scaledvn with the same factor because
the effects are not linear. One can keep the Froud#&er the same in prototype as in
model (Froude-scaling) to keep the inertia and ifyaerces in the same ratio, but
then the Reynolds number changes. For low Reynalisbers the viscosity of the
water changes the flow type. In coastal engineenisgous forces easily become too
large in the model.

Explanation of the scale effects

First the six main types of scaling are mentionetbw'°, after which other scaling
aspects related to the topic are treated. In sectid.l and 4.2, the specific
mechanisms of scaling for a breakwater with an ofiegr on a sand core are
analysed and magnitudes of the scale effects irra¢ed. Here, the scale effects and
scaling laws in general are treated. The mainadiffy with the different scaling laws
is that they can never all be satisfied simultasgoand therefore compromises are
used to get an acceptable result. The scaling &edased on the assumption that
two forces dominate the flow. In these laws, onehaf forces is the inertial force,
always important, and the other varies, dependmthe type of flow.

Scaling laws

Fr :% Froude scaling: maintaining the same Froude nupmper 1 - ni=ny=

g
n? = n,Y2.The Froude number is the square root of the aftie inertial force and
the gravity force. The Froude scaling law applidgeew the inertial force is primarily
balanced by the gravity force, which is the cagenfost types of free surface flow
and when waves are the dominant forcing mechanismude scaling, however,
neglects the effects of viscosity and surface tenskor breaking waves, surface
tension effects can be very important, especiallgmvl < 0,5m, or T < 0,5s, and for
porous flow, viscous forces can become dominant. rRost coastal engineering
models, Froude scaling is the most important coiter

Re= - Reynolds scalingire = 1.n:= n% ny= n'%; np = n2. The Reynolds number
v

is the ratio of inertial force and viscous forcendathe Reynolds scaling law is
important when viscous forces dominate in hydrafldizv. This is the case for flows
with relatively low Reynolds numbers, like laminboundary layer problems or
(laminar) flow through for instance sand. For flbwough gravel size material, both
Froude number and Reynolds number play an importdat leading to the dilemma
of which scaling law to follow.

2
L
We= A
o
and surface tension force. Surface tension can d@ranant force for flow of very

Weber scalingnwe = 1. The Weber number is the ratio of inertialctor

19 Hughes (1993) [26] and Tirindelli et al. (200044
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thin films of liquid and for water with entrainedr dubbles like in breaking waves.
For most coastal engineering problems, the surfaesion plays no major role, but
for the impact of breaking waves, it might be impat because a lot of air can be
entrained.

2
Ca= ’dé Cauchy scalingnca = 1. The Cauchy number is the ratio of inertiatéo
and elastic force. It is related to the Mach numba&nd is important when
compressibility is the dominant factor. Compredigjbiof water is hardly ever the
dominant force for free surface processes, althdhglcompression of air trapped by
a breaking wave might be an exception to this.

Eu= sz Euler scalingng, = 1. The Euler number is the ratio of pressuredaand

inertial force and is important when pressure esdbminant force acting on the flow.

St:ULT Strouhal scalingns; = 1. The Strouhal number is the ratio of temparad

convective inertial forces. It is important in ueady, oscillating flows.

Gradient scaling

For the scaling of rubble mound breakwater mod&scharttt® proposes to keep the

hydraulic gradient inside the breakwater core thenes in model and prototype,

because it is believed to be the dominant drivinechanism rather than gravity or
viscosity as follows from Froude or Reynolds saglifihe problem with this approach
is that the gradient varies in time; therefore arahbteristic gradient is used. The
deviation of the gradient and velocities from ttisracteristic remains a problem, as
well as the determination of the characteristicdgmat in model and prototype

situations.

Scaling of sand and rock

Sand is a non-cohesive granular material withiarege of particle sizes of about 60 —
2000 um. Larger particles become gravel, with differerehlviour, especially
hydraulically. Flow in sand is laminar and in grhpartly turbulent. Smaller particles
than 60um become silt and are cohesive, giving very diffiérdeehaviour. Rock or
stones, as used in the filter layer, do not chamgeh when scaled down, but the
smaller the stones get, the smaller the poresaget, then viscous forces become
increasingly important. As long as the Reynolds bemstays above 10.000, no
problems arise, but below this value the differanioerease for decreasing Reynolds
numbers.

No easy solution

Altogether, scaling of breaking waves, porous flawd sand transport leads to
problems for which no easy solution exists. In ¢bag, the scaling problems will be
specified to the topic of open filters in breakwatwith a sand core, by means of a
dimensional analysis and comparison of the problth known similar situations
and effects from literature.

20 Burcharth et al. (1999)
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2.4 Research done by E.F. Uelman

The Msc. thesis of Evert Uelman (20806forms a first step of the study into the
stability of granular hydraulically sand-open fikein breakwaters with a sand core.
After a literature study he performed model testa wave flume with regular waves
loading a single layer of riprap (filter and armamiione) on a sand slope for different
filter grain sizes and filter thicknesses.

Model set up

A process based model test has been chosen (rmogsahh larger model), because of
the problems with scaling described earlier. TheupeeterdD; andd are varied in the
tests, the rest is set at a representative valeguBr waves have been used, whtre
andT are taken as typical values for wind wavds; 10 cm,T = 1,2 s. The number
of waves is chosen typical for a storm of 8 houhwa T of 12 s which results in
2400 wavesDy, is chosen small to get erosion in the tests. @nlg layer is used as
filter/ armour layer.

Filter

/\

— Stil water

e level
... R S

\ Definition sketch

T Lr ' — waterine

2400

150 130 110 90 o 50 30
dxtoe sand (cm)

Figure 2-1 Sketch (left) and plot (right) of the result of one of the performed tests. From Uelman

Observations

A profile develops resembling a bar profile on adsabeach. Both bedload (sheet
flow) and suspended-load transport have been obdehe points indicated in the
figure are discussed below:

A: erosion, an almost vertical slope develops andndermined by the up-running
wave.

21 Uelman (2006) [49]
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B: sand is moving up and down by the reduced waugé,n phase with the outside
wave.

C: erosion, mainly bedload transport during wava-adown, less transport during
wave run-up, but also suspended-load transport.

D: net erosion = zero. Run-down: mainly bedloadngport. Run-up: mainly
suspended-load transport. D is the bending poitli@bar profile.

E: sedimentation, a lot of suspended-load transport

F: only transport during run-down, first both typkder only bedload transport.

G: no transport.

The internal setup ranges from 0 or 1 to 3 cm fler@nt tests. Between A and B a
small wave in the filter layer develops, runningam down the sand slope. Between
C and F the outside water layer is much thickehlite up-running wave than with
the down-running wave, so more water has to florwugh the filter during run-down
than during run-up. The result is a higher filtefocity during run-down.

Analysis

The erosion in A is discontinuous, it is hard tbitet is decreasing in time or not. At
B and C the erosion is decreasing in time. At E ghdimentation is decreasing in
time. After 2400 waves there is still erosion, lus decreasing in time. The erosion
is considerably less than at the beginning, bulliegum has not yet been reached. A
dependency om (=df/Df) is clearly visible from the results; a largarmeans less
erosion.Lr (see figure) increases with increasing filter khiess, probably because
point D stays directly under the run-down pointtbé wave, which shifts further
down.Lr increases with increasimyf, because larger stones give less wave reduction.
Lr2 decreases with increasing, with increasingdf and with decreasin®f. The
erosion depthls (= erosion after 2400 wave4.d): a largerDf and a smalledf give a
larger ds. Both were to be expecteds versusm gives a possible linear relation:
d, =0.058- 0.4xm. ds decreases with increasimg so more layers of filter grains

reduce the erosion depth.

Remarks

The findings mentioned above are obtained afterstioely of the test results, for

which a number of graphs and plots of combinatioihgarious parameters have been
presented. Due to limited available time for thecMthesis in general and for the
availability of the wave flume in particular, noome tests could be performed.
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2.5 Materials and their influence

Materials have properties, of which the grain sinél the grading (the distribution of
grain sizes) are very important. Other propertiks toundness, smoothness, shape
and density also have their influence, but for thmement they are not taken into
account. The material is assumed to have a noremaity of about 2650 kg/frand a
shape normal for quarry rock. Besides the properté the material itself, the
thickness of the filter/ armour layer is addresbede, because the combination of
grain size and layer thickness is important.

2.5.1 Core material: sand

Sand consists of non-cohesive stone-like particlébe range of 6am to 2 mm with
a typical solid density of 2650 kgfhand an average porosity mf 0,35 to 0,40.

Grain size core material: Bg

The grain size of the core material (sand in tlaseg is denoted d3ys50, Where theb
stands for base (= core) and 50 stands for theanegtain size: 50% by weight of the
grains is smaller than this sieve size.

A larger grain weighs more than a smaller one artierefore harder to transport by
flow. The larger the grains, the stronger the flbas to be to transport them. So,
larger core material should give less erosion. Téason that the relatively fine
material sand is interesting as core material & ithis available in large amounts on
many locations, which saves on quarry operatiorts ssmetimes very long hauling
distances.

2.5.2 Filter material: rock

The filter/ armour layer is made out of stones KjocThis material comes from
quarries, where the rock is blasted from the manatand crushed in a crusher to get
the desired grain sizes and gradings. For smaéilberes theDso or Dysp (the side of a
cube with the same weight as the stdigp ~ 0,84Ds() are often used, as for larger
rock, the mass range is the usual parameter, like58-300 kg.

Grain size filter material: o

In the tests done by UelmanDa, of 18, 33 and 42 mm is used. The results show that
the smaller the filter grains are the less erosibcore material occurs. This indicates
that the (turbulent) flow inside the filter poregused by the waves is more reduced
when these filter grains and therefore the pores,sealler. Larger pore holes give
room to larger turbulent fluctuations and give lessistance to the total flow. For
these reasons one would try to make the filter medteelatively small. On the other
hand, smaller material is more sensitive to erobipithe waves. Therefore large filter
grains are preferred, to prevent the whole filkgrel to be washed away by the waves.

Layer thickness:«d

The thickness of the filter layer is important; ttrecker the layer, the less erosion
occurs. The filter layer does two things: reductafrthe loads and resistance against
the transport of core material. One would expeat the turbulent velocities forced by
the waves are reduced while going further inside fiher. This does happen, the
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velocities rapidly diminish at first, but furthdran a distance of about 10%bsg inside
the filter, tests show no further reducfidriThe reason that a thicker filter layer gives
less erosion lays probably in the higher resistatia# grains experience during
outflow, because the path they have to travelrgéo.

Relative layer thickness: m

The relative layer thickness = ¢ / Disp can be seen as the average number of stones
on top of each other in the filter layer. This pa&der is found to be important and
works similar tods, a largem gives less erosion. Uelman (2006) even foundeatin
relation between the erosion depth amtbr 2 <m < 4. In this range, the influence of

m is strong. For traditional, geometrically closéltefs, the layers do not have to be
larger than aboutn = 2, whereas the very open filters work considigréetter for
larger values oin.

2.5.3 Grain size ratios and grading

The ratio of the grain sizes of the filter and toee is of great importance for the way
the filter functions. Besides that, the grading, the ratio of internal grain sizes is
important as well.

Grain size ratio: B5g/ Dpsg

For small ratios of grain sizes, s&so / Dyso Smaller than 5 to 7, the filter is
geometrically closed; the core particles are plaflsicrestricted to go through the
filter. For very high values oDsso / Dpso, Say higher than 12 to 14, the filter hardly
seems to work at all; the core particles are sdlsrompared to the filter stones that
they hardly feel resistance to flow through théefil However, if the filter layer is
sufficiently thick and some erosion is acceptedcimhbigher values can still work.
Uelman used ratios ddwso / Dpso of over 200 where the filter still functions. Siidy
different ratios are used often as wdliis / Dpgs < 5, as stability criterion for
geometrically closed filters, onf* Dss) / Dypso as parameter for geometrically open
filters. The difference between the different ratis that other points of the sieve
curves are used and therefore other values arelfdime result is the same.

Grading

The grading is important for the internal stabilaf material. If the grading is very
wide, e.g.Dgs / Dis > 2,5, the difference between the smaller andidtger grains is
larger. Usually, layers with large rock have a aaer grading than layers with small
stones or sand. The advantage of a wider gradintpas the larger particles can
prevent the smaller particles from being washed giving a larger filter capability.
However, if the grading is too wide, the materigcbmes internally unstable; the
smaller grains are easily washed out from betwéenldarger grains. A commonly
used criterion for internal stability is the rulg Berzaghi:Dsso / Drip < 10. Other
values for other situations have been proposedligws researchers.

Grading filter material

Especially interesting for this research into ofittars on a sand core is the grading
of the filter layer. If this grading is relativelyide, the smaller grains will fill the large
pores, making the largest constrictions smalleis Way, a filter layer with the same

22 Schiereck et al. (2000) [43]
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Drso and the samek gives less erosion. Wide gradations can be mdfieudi to place,

as separation can occur when the stones are durigedpoment for more careful
placement is available, like fall-pipe vesselsgogcise placement on large depths. In
the tests by Uelman (2006) no variation in gradatias tested, the used gradations

are quite common, and not very wide.
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2.6 Schematisation of processes

To get a clear picture of the different processed parameters involved in the
breakwater system, two schemes have been made. M@ purpose is to get a

better overview of the processes.

2.6.1 The process from loading to erosion

Hydraulic | oading: breaking wave:
- RegularH, T
- Irregular:Hs, Tp, spectrum

\ 4

Pressure variations - Hydraulic gradient
— Filter: 1¢
— Baselp

o)

Porous flow
— Parallel/ perpendicular
— Laminar, turbulence, inertial resistance

1)

y

Incipient motion of core materia
— Shear, drag, lift versus gravity, friction forces

- In balance: critical gradient

)

Transport of core material
— Bottom (sheet flow), suspension transport
— ConcentrationUgrain, amount of transpo&

)

Erosion, accretior
— Erosion length, depth, volume
— Erosion development in time

T m)

Stability/ failure?

M)

— Tendency of erosion towards a stable situation?

|
|
|
|
|
|
|
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H: wave height
T: wave period

| : hydraulic gradient
|- gradient in filter
lp: gradient in base

U: mean flow velocity
Us: mean filter velocity
Up: mean base velocity

Upare = Udn pore
velocity
Us«: critical shear
velocity

| & critical gradient
2F = 0: stability

S bottom transport

Ss: suspended transport
Ugrain: grain velocity

C: concentration

L: erosion length
ds: erosion depth

m: relative filter
thickness

Drss / Dris: grading

Drso: filter grain size

Dpso: core grain size
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2.6.2 Physical parts

and their processes

RegularH, T
Irregular:Hs, Tp spectrum
¢, breaker type

U: mean flow velocity

@ading: breaking waves

E=&+E*E yave energ

~

1
E == pgH’
y 8

)

ﬁter layer

- Parallel/ perpendicular flow

I;: gradient in filter

Ur. mean filter velocity
Upore = U#/n : pore velocity
Dsso: filter grain size

Df85/ Dsys: grading

m: relative filter thickness

Laminar, turbulence, inertial resistance

~

)

mte rface

— Ut*cr: critical shear velocity
Icr: critical gradient
2F = 0: stability

In balance: critical gradient
Incipient motion
Transport of material

Shear, drag, lift versus gravity, friction forces

~

E ansport
- Sh bottom transport
- Sssuspended transport
- Ugrain: grain velocity

)

— C:concentration

\

@nd core

- Stability

Erosion

Lr: erosion length

ds erosion depth

Dyso: CcOre grain size

Ib: gradient in base

Uy,: mean base velocity

/
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2.7 Essential parameters for the erosion process

In the schematisation of the processes of sectidm Bt of parameters are listed with
these processes. Knowledge of the parametersaateddo understand the processes
in the breakwater with hydraulically sand-openefit Different parameters are
associated with different processes in the breadmvathe most important are
mentioned here and some remarks are made. A differs made between adjustable
and dependent parameters. Adjustable parameterbecahanged by a different test
set-up, different test type or different test sgisi. Dependent parameters depend on
these adjustments.

2.7.1 Loading: breaking waves

Adjustable parameters

- H: wave height, determines the amount of energy #hé&tading the structure.
Larger waves give more energy, higher (porous) flmlocities and (expected)
more erosion.

— T: wave period, larger periods give more time forqus flow to develop within
one period.

- o: slope steepness, influences the type of breahmlder slopes generally spread
the breaking energy dissipation over a longer disa

- Regularity of the wavesrregular waves give a different loading than uleg
waves.

— Number of wavesthe duration of the loading is interesting fomdpterm
processes.

— Structure layoute.g. the crest height, berm or no berm can bied/aExpected to
have influence on the stability.

— Water level variationsa varying water level under influence of a tidélw
certainly affect the outcome of tests. The levelwdtich the loading works
changes with the water level.

Dependent parameters
— ¢ breaker type parameter, depends on the slopéldndso ona, H andT.

2.7.2 Filter layer and filter-core interface

Adjustable parameters

— Parallel/ perpendicular flowadjustable through the test-type (wave tunnel)

— Dsso: filter grain size, larger grains give more coreston, but more filter layer
stability (external)

— Dsgs / Dris: grading, wider grading gives a larger filter randput less internal
stability.

— m: relative filter thickness, the average numbestoine layers, is related to the
erosion depth.

— Diso / Dpsgo: ratio of filter/ core material grain size. A largratio means a more
open filter.

]
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Dependent parameters
— Laminar, turbulence, inertial resistancdepends on the model set up and used
materials.
- |+ gradient in filter, depends on the loading.
- Ur. mean filter velocity, depends on the gradient dhd resistance, related
through the Forchheimer relation.
= Ut,pore = Ut /n : filter pore velocity

2.7.3 Core

Adjustable parameters
— Dypso: core grain size, larger grains are less eassatsport.

Dependent parameters

- lp: gradient in base (= core), depends on the et core pressures.
- Up: mean base velocity, depends on the gradientesistance.

2.7.4 Stability, transport and erosion

Dependent parameters

— Usq: critical shear velocity, depends on the corergsae.
- lg: critical gradient, depends on the critical shedocity.
— 2F = 0: stability, equilibrium of the occurring forxe

- S: bottom transport, depends on the porous flovafilter.

— S suspended transport depends on the porous flokeifilter.
- Ugrain: grain velocity, is typically about half the flovelocity.
— C: concentration

- L,: erosion length, the length of slope over whiobisérn occurs.
— ds: erosion depth, the depth over which the sandeséopdes.

2.7.5 Material properties

Adjustable parameters

— Dypso: core grain size, larger grains are less eassatsport.

— Dsso: filter grain size, larger grains give more coreston, but more filter layer
stability (external)

- Dsgs / Diis: grading, wider grading gives a larger filter randput less internal
stability.

— m: relative filter thickness, the average numbestoine layers, is related to the
erosion depth.

- pw. density of the material.

Water properties, adjustable by using another liqui

- ps. density of water.
— v: kinematic viscosity.
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2.7.6 Scale effects
Dependent parameters

- Fr :% Froude number: used for Froude-scaling
g

- Re:% Reynolds number: for Reynolds-scaling
v

2
—We:pUI
g

Weber number: Weber-scaling.

2.7.7 Remarks

The adjustable parameters can be varied in testi®rdy different settings for the

wave generator, by the use of different materlaysa different structure layout, or by
a different type of test. The dependent parametansiot be varied directly, but by

varying the adjustable parameters, they can beentied. In general, one tries to put-
in a desired combination of adjustable parametarg] measure the dependent
parameters, to find relations between the inputartgut.

The parameters that can be adjusted can be sunethaz the loading, the material
properties, the structure layout and the test setup

]
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Chapter 3

Problem analysis and objective

3.1 Problem description; lacking knowledge

3.2 Choice of further research direction
3.3 Choice of general test setup

3.4 Objective
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Chapter 3 Problem analysis and objective

After the overview of the known theory of geomettig open filter processes, this
chapter tries to analyse the lacks of knowledge whdt parameters are essential for
this particular setup. The objective of the thessigly as a part of a larger research is
formulated.

3.1 Problem description; lacking knowledge

As concluded after the literature study and alsoUstman (2006), insufficient
knowledge is available to come up with a good degapl for breakwaters with
geometrically open, hydraulically sand-open filters a sand core. In this section, an
inventory is made of which knowledge is lacking.

3.1.1 Loading: breaking waves

The process of wave breaking is complex and diffimumodel, but more and more is
known about it. The wave breaking process will betstudied in this research; only
the effects, the velocities and turbulence neaffittex layer that cause the gradients
and porous flow inside the structure, are imporfanthe internal processes.

Velocities on the outside of the filter

Velocities just outside the filter could be seentlas actual loading of the filter.
However, the phreatic surface goes up and dowradadye part of the filter surface
is exposed with every wave trough, resulting ircdiginuous velocity variations.

Wave parameter dependency

The relation between the amount of erosion andnpeters like wave height, period,
regularity, the number of waves and water leveiatmns (tide), are not known; only
the number of waves has been varied in the testhifotopic.

3.1.2 Filter layer and filter-core interface
The loading by the waves results in gradients adys flow inside the filter layer.

Porous flow

The porous flow is maybe the most important progeske breakwater, causing the
sand to move. It is difficult to measure, but thregsure variations might be possible
to measure with a device put inside a filter stonpore. Theoretical knowledge about
porous flow induced by breaking waves is still vanyited.

Perpendicular flow

Perpendicular flow occurs but is less clear tharalfd flow. The combination of

perpendicular and parallel flow causes the (stirpfisediment to move, in which the
perpendicular flow, when strong enough, moves thang out of the filter. The

occurring perpendicular velocities in the pores athd distribution between

perpendicular and parallel flow are not exactly \wno

Parallel flow

In the filter layer, parallel flow is significanit;is clearly observed in the tests done so
far and results in drag, shear and lift forcestmndrains at the interface. A large part
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of the transport is also parallel to the interfaliee detailed velocity distribution is not
known. When measuring, the measuring device inrestciction affects the flow and
with numerical modelling, until now the velocityefd is averaged over an area larger
than a pore. The exact flow velocities inside theeg are not known.

Interface

The interface between filter and core is the plabere the erosion takes place. Here
grains can be pushed out by (perpendicular) outfloam the core or they can be set
in motion by the drag, shear and lift forces frdme {parallel) flow in the filter layer.
As mentioned above, the exact flow velocities ia pores and at the interface are not
known. If these would be known, a relation betw#enoccurring filter velocities and
the critical shear velocity by Shields (thresholdmmtion), or the amount of transport
could be studied.

3.1.3 Core

Especially perpendicular flow inside the core causesion. Parallel flow velocities
in the core are much lower than in the filter amth be disregarded for the parallel
transport which takes place in the filter layerdamterface).

Pressure build-up and outflow

During the run-down of the wave the external waéeel drops very fast, with the
level in the filter following that movement. Thevéd in the core is still high, resulting
in a perpendicular gradient, in its turn resultingoerpendicular outflow. When this
outflow is strong enough, sand grains are transpoithe relation loading. outflow
- transport is not known yet.

Transport of core material

The transport of core material leads directly tosem and deformation of the
structure. The amount of transport through therfiis very difficult to measure,
because the filter grains are in the way for thealmeasuring techniques. Until now,
the erosion after a certain number of waves, medsthrough the side wall of the
wave flume, is the only way the amount of transpaas estimated in the tests.

3.1.4 Erosion and equilibrium

A certain amount of loss of core material is acedptn other words, erosion will take
place. The question is how much erosion under whatimstances and whether or
not an equilibrium situation develops after somgeti after some erosion. The tests so
far show a bar shaped profile developing in timag] @ decreasing erosion rate in
time. It looks like a tendency towards a stableildgium situation, but there is no
evidence of this.

Amount of erosion and measuring

The amount of erosion developing in time is vergiliasting for the behaviour of the
breakwater. Uelman (2006) measured the erosiom efery 300 waves by taking a
photograph through the glass side wall of the flland by processing this photo in a
software program resulting in x,y coordinates arapfgs. The size of the wall effect
is not known, it is estimated by visual observationbe not too large. A better
estimate of this or another way of measuring tlesien profile would be welcome.
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Equilibrium

The development towards an equilibrium situatidkesatime. In real life, the design
conditions occur only during a limited time. Theraltion of a storm can be e.g. 6 to
12 hours, depending on the climate. So, for thegdesondition, a limited amount of
erosion within the maximum duration seems a goaullreNevertheless, for less
severe conditions, some erosion might still ocand #ghese conditions might have
longer durations. In order to understand this psec&nowledge of an equilibrium
situation development is important.

Comparison with dune erosion

Dunes erode during storms. Sand is eroded fronstisep dune slope by the high
waves that are able to reach the dunes becauke @fdter level set-up (storm surge).
The sand is deposited lower, on the gentler sldpthe beach. The process looks
similar to the process observed by Uelman for tleakwater with sand core. Van der
Graaf? describes a tendency of this erosion process tsaequilibrium although the
equilibrium situation is not reached during therstosurge. During the process the
overall slope of the cross-shore profile decreaseslting in erosion decreasing in
time. Under normal conditions, erosion is restotedards the normal equilibrium
situation. Interesting is the comparing decreaseesrofion in time, the tendency
towards equilibrium. It is however questionable¢hié erosion of the breakwater can
be partly restored under normal conditions. Celgathe stones of the filter layer will
not be lifted again after settling.

3.1.5 Material properties

The different properties of filter and core mateaad their influence are described in
section 2.5. Effects of some of them have beenedudut still a lot is uncertain.

Grain size

Most is known about the grain size of the filtedrhhs been varied in the tests. A
smaller filter grain size results in less erosidhe grain size of the core has not been
varied. This is more difficult to do because itharder to change all the sand in the
flume. Besides, the range of variation is limitekdemn the core material has to be sand.
The ratio of filter and core grain sizes, whichbislieved to be more important,
changes with the filter grain size. More variatextends the dataset.

Filter thickness

The effect of different filter thicknesses has betndied. A thicker filter gives less
erosion and a larger relative thickness m alsoggless erosion, even with a linear
relation betweemm andds. As mentioned earlier, the equilibrium in erosioais not
been found yet; this can be interesting to inveséigelated to the filter thickness.

Grading

The grading of the filter material has not beer&d. In general, a wider grading has
smaller pores and constrictions, which results ibedter filter working, until the
grading is too wide and becomes internally unstabie effect of this in relation to
this topic is not known.

Zvan der Graaf (2005) [15]
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3.1.6 Scale effects

The tests performed by Uelman (2006) are processdyameaning that they are not a
scaled model of a large scale prototype. The probleelated to scaling are discussed
in section 2.3. In the research so far, scalinbleras are not solved; the processes
are studied irrespective of the scale. Parametars heen chosen such that important
parameters like for instance wave steepness atenwihe normal range of storm
waves.

Large scale tests

It is evident that in full scale models, scale efifeare absent. Laboratory effects,
differences in results due to different circumsemor boundary effects might still
occur, but these are different from scale effe€tdl scale model tests for a complete
breakwater cross section are difficult to perfobnt large scale tests with a length
scale factor of for instance 1:5 are possible tdopen in a large scale wave flume or
tunnel. At these scales most of the scale effemsnagligible for most standard
breakwater layouts. Three main possibilities ar@ilalale to conduct large scale tests:
a large scale wave flume like the Delta Flume, aesmannel or a prototype on the
coast.

Large wave flume (Delta Flume)

In the large scale wave flume, large scale modmtshe loaded with desired waves.
This is very valuable for the research, but alsy wxpensive and the facility is not

readily available. Results from the large flume d@nused to calibrate the dataset
from small scale tests, when some of the smallestadts are repeated in the large
flume.

Wave tunnel

Testing in a wave tunnel is useful when a certaipeat of the process, like parallel
flow through the filter/ core layers, is studiedhel complex processes of wave
breaking and the wave induced combination of paratd perpendicular flow cannot
all be taken into account, but when one wants fuarsgte especially one type of
porous flow (parallel or perpendicular), the tuniselery valuable. Costs will be less
than for a large wave flume.

Prototype on the coast

Somewhere on a coast at a spot exposed to wavesaanrit a prototype of stones on
a sand slope in place, and conduct measurementlipally. When the wave data

and deformation are known after a certain periahnections can be made. The
drawbacks of this option are that the test takdst af time and that the loading

cannot be chosen; nature chooses the wave figliskatg the prototype. When a full

scale model is applied, the design load will almaestainly not occur during the test.
A more vulnerable construction can be applied,a.slightly scaled-down model, to

get a relatively more severe loading.

Unknown influence of scale effects

For the performed tests, no comparison with exgstarge scale situations can be
made because data of breakwaters with hydraulicaiyd-open filters are lacking.
Only very recently and with great caution, thiseyg structure has been applied and
prototype measurements are not available yet. Aicalymethods of determining
scale effects are rather qualitative than quamn#atresulting in a recommended
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calibration with large scale tests or prototypeadaintil now, the scale effects are
unknown.
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3.2 Choice of further research direction

This study is only a part of the total research gpmonme into the topic of
hydraulically sand-open filters on a sand corest@sted by Uelman. The ultimate
goal of that total research is to come to a goatuigtion of the occurring processes
and a practical design tool for such a filter ibraakwater with a sand core. Within
this study, only a part of that total researchessible, because of limitations in time
and resources, making choices necessary. In tigeadiabelow the main directions of
further research are presented.

Directions for further research
— Three main directions are shown
— Practical aspects explained

Scaling effects for practical applicatior
— Which parameters are affected
— Qualitative and quantitative analysis
— Model« prototype relations

Hydr aulic loading: influence of variations
— Small scale wave flume tests, loading variatipn
— Short term storm/ long term moderate loadin
— Relation parameteks> erosion, (equilibrium)

Influence of structure layout
— High crest/ low crest (overtopping)
— Slope steepness/ berm/ initial bar profile
— Armour layer on top of filter layer

Three main directions

Each of the three main directions can form a sindiself, and for all of them a lot of
work is necessary in order to understand the tepitenough.

3.2.1 Scaling effects for practical application

Small scale physical model tests are performedhfey are more feasible than large
scale tests; more test facilities are available ersts for the facility, but also for the
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smaller amount and size of the needed materiaks, cansiderably lower. The
downscaling of a prototype however, introducesisgaroblems, as the properties of
e.g. water and sand are not scaled down with timeestactor. These and other
problems have been explained in general in chabt@nd will be elaborated on in
chapter 4, with a dimensional analysis, where d@engit is made to quantify the
scaling effects based on the dimensional analygiseaperience from other research.

Scale-series tests

In order to solve the scaling problems, “Scaleesfrcan be very useful. With this
method, a model is applied at different scalegrafthich the results are extrapolated
to the prototype scale. The results should be lanhdlith caution, however,
especially when all the tests are applied at alsoale relative to the prototype scale.
In this case, small scale effects that are noteprteat the large scale might affect all
the tests, making the extrapolation distorted. Thethod can however be a very
useful tool when carefully executed. A number stdas needed, where only the scale
is changed, the other parameters are to be keatme, only scaled up or down to
the proper scale. This method could be appliedd®oto predict the behaviour of the
breakwater configuration with the hydraulically dampen filter on a large scale.

3.2.2 Hydraulic loading: influence of variations

The hydraulic loading, the waves and the wave-iedugorous flow, is one of the
determining aspects in the behaviour of the stmecthe breakwater is designed
especially to protect a coastline or harbour ecwadnom this hydraulic loading and
therefore needs to be strong enough.

Irregular waves

In the research done so far, only regular wave® len used with the tests in the
small scale wave flume. It is expected that irragwaves give a different erosion
pattern, or at least a different combination ofsemn depth and erosion length. This
difference is very important, as in real life siioas the waves will always be

irregular. Tests can be done, for instance in #mestype of wave flume as used for
the former tests.

Wave height, period and steepness

In the tests performed so far, the waves were niyt @gular, their height and period
have not been varied either. The influence of waeght, wave period and wave
steepness on the erosion process is expectedverpdarge, making it an important
aspect to be studied. The wave steepness is ddnraftthe wave height and length,
and because the wave length depends on the pthdteepness is in fact a function
of the wave height and period. These three quasittannot be judged completely
separately from each other, so for instance thghhatan be varied keeping the
steepness constant, and the steepness can bekeg@dg the either the height or the
period constant.

Equilibrium short term design loading

Whether or not an equilibrium situation in the eooswill develop after a certain
number of waves is one of the questions still op#tar Uelmans research. Results
show a tendency towards equilibrium, but it is resched in the tests. Longer tests,
with a larger number of waves attacking the stnestaan answer this question. It is
not absolutely necessary to come to an equilibsitoration for the design conditions,
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as the design conditions only occur during heawynss that last for a number of
hours. The erosion during a design storm has twitten acceptable limits, even if

this is not the equilibrium situation. It is howeveteresting for the understanding of
the behaviour of the structure to know if equilitn is reached.

Equilibrium long term moderate loading

For more moderate conditions, the development aifllibgum is very important;
these conditions occur over longer time spans. Mbemal’ conditions are present
most of the time and ongoing erosion would ceryalead to failure of the structure.
For geometrically closed structures, resistanceomal situations is assured by the
requirement that practically no damage is accepiaihg design conditions, giving
also no damage for less severe conditions. For dwidally sand-open filters
however, loss of core material to some degreedsded. It is therefore necessary to
check if the more moderate loading in ‘normal’ amtstances does not give erosion,
or at the very least leads to a quick equilibriurofie. It is possible to test a structure
in a wave flume under more moderate conditiongtiaé end. Special attention is to
be paid to the scaling effects that might havetardgning effect on the results.

Relation between loading and erosion pattern

The relation between the hydraulic loading, diffgréypes of waves in different
combinations, and the erosion pattern and defoamatf the structure, are the aim of
investigating the influence of variations of thedhgulic loading. Once it is known
what type of structure gives what kind of deformatwith what erosion depth and
length under which kind of hydraulic loading, destgols can be started to be made.
Before this is possible, the scaling effects wilive to be known and numerical
analysis might be used to further study the reshlis the relation between hydraulic
loading and erosion/ deformation of a certain tgetructure is one important step
on the way to a design tool.

3.2.3 Influence of structure layout

The layout of the breakwater structure comprisesdtest height (above, around or
below the water level), the slope steepness otheture, the application of a berm
on the outer slope and the possible applicatioanoinitial bar profile, a constructed
profile that resembles an equilibrium profile aferosion. All these layout aspects
influence the behaviour of the breakwater underrdwyiit loading.

Crest height

In the tests performed so far, the crest was hitiear the run-up height of the waves,
resulting in no overtopping. Other possibilities fareakwaters are low crests, e.g.
around the water level, when overtopping waves ameepted, or even submerged
breakwaters, when only the higher waves have toldieked. With these lower crests,
the behaviour of the structure as a whole changaspnly the outer slope is attacked
by the waves, also the crest and possibly the isloge are attacked. This means that
those parts have to be designed for that speaficlihg. On the other hand, the
loading on the outer slope decreases as part artbgy is absorbed by the crest and
the inner slope. For submerged breakwaters, th& oridl probably experience the
most severe loading. Tests in a wave flume can igsght in these mechanisms and
their quantities.
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Slope steepness

Until now, tests were performed with a 1:3 slopetfas research. A milder slope is
expected to spread the energy of the breaking wavesa longer part of the slope,
thus leading to a smaller erosion depth and laggesion length. A steeper slope is
expected to have the opposite effect. Besidessgimsading effect, also the Iribarren
parameter changes, indicating the type of brea&frie waves. Another breaker type
leads to another loading situation and thereforetter erosion pattern. The
combination of these two effects makes the effekctthe slope steepness less
straightforward than it may look. Wave flume testsild again be used to gain insight
in these effects.

Application of a berm

On the outer slope, a berm is sometimes applicoraakwaters. This berm reduces
the run-up height of the waves and changes thangaaf the structure as a whole.
The berm itself will experience heavy loading as iput directly inside the breaking
waves, and for the rest of the structure, the higlset of the slope, the loading is
reduced. Often the berm has the level of the (Stomater level. The use of a
hydraulically sand-open filter in a breakwater wi&hoerm can be investigated with
wave flume tests.

Application of an initial bar profile

After the tests with hydraulically sand-open fitean erosion profile in the form of a
bar has been observed for all the tests. It is iplesso construct such a profile
beforehand. When this profile is an equilibrium feofor the design conditions, it
can result in at least less erosion, or hardly emogion. It has to be checked however,
if this works and if the suggested profile is atdable under different conditions. It is
far from certain that such a profile is cost efifieet Wave flume tests can demonstrate
the technical feasibility.

3.2.4 Choice of research direction: hydraulic varia  tions

Because not all the possibilities mentioned abaue lwe studied, a choice has to be
made. For this research, the second directionyenfie of variations of hydraulic
loading, has been chosen, because it can give m®ight in the essential processes
and behaviour of the breakwater configuration. &gl as these essential processes
are not understood, the extensive research inteereithe scaling effects or the
structure layout add only very little to the knodde of hydraulically sand-open
filters in breakwaters.

Choice for influence of hydraulic loading variate®n

The influence of the hydraulic loading on the evasiof core material and
establishment of an equilibrium state in the emogwoocess is the main focus of this
study. The reason this direction has been chos#raist connects well to the former
research and it contributes to the insight in thecesses that occur in the breakwater.
The dependency of the breakwater configurationyairdulic loading parameters, and
especially the sensitivity to changes in theserpatars, is of great importance for the
practical applicability of such a structure. It useful to know more about these
dependencies and internal processes, before diffesteucture layouts are tested.
When the layout is altered, the behaviour will apgrbut the principles of sand-open
filters on a sand core remain the same and asdsranly very little is known about
these principles and processes, the variation efayout will not give such valuable
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extra information. The study into scaling effedsstill interesting, but again, as long
as little is known about the dependency on loadimgwhatever scale, the exact
effects of scaling are less interesting. It is hesvevery important to have an idea
about the order of the occurring scale effectsthiertests that have been and will be
performed. Therefore, a theoretical study into isgaéffects for these tests will be
done.

Hydraulic loading variation

Physical model tests in a wave flume with differsattings for the hydraulic loading
are to be performed to study the influence of thading on the erosion of core
material. A test program can be made after an amalyf scaling effects and the
dominant processes. Chapter 5 discusses the teptpr.

Scaling effects, a theoretical study

To study the order of magnitude of the occurringls@ffects for the performed tests
and for the coming tests for this study, a dimemsi@nalysis will be performed and
compared with literature. An attempt will be madae quantify the scale effects,

without scale series tests or prototype data. Gnaptliscusses the scale effects.

Layout variation, only slope steepness and grading

The choice has been made not to focus on the layotite breakwater, but on the

loading. An exception for this is the slope steegsnevhich is a layout parameter that
also affects the loading. The steepness of theestdpghe breakwater influences the
way of breaking of the waves, and a gentler slqpeals the energy of the breaking
waves over a longer distance than a steeper sl@s¢s with different slope steepness
are of interest to observe this influence. Anotb@rameter that involves the layout of
the breakwater is the grading of the filter materfdus far, quite a narrow grading

has been used with little difference in size betwtee larger and the smaller stones.
A wide grading can be very interesting, as the fnatones can reduce the loading
inside the filter effectively and the larger stormas provide more stability against the
direct attack of the waves or can allow larger asmstones to be put on the filter

layer. A test with a wide grading is of interest.

Main focus and side-interests

In summary, the main focus is the influence of laydic loading variations, to be
studied by wave flume tests. If enough time is labde, variation of the slope
steepness and grading of the filter material wdl d&dded to these tests. The scale
effects will be analysed with a theoretical stuayyowhere a dimensional analysis of
the processes in the breakwater and results antysasafrom literature will be
compared in a quantitative way.
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3.3 Choice of general test setup

As discussed in section 3.2, wave flume tests fa@en chosen as a means to study
the influence of varying hydraulic loading on theston of core material in the
breakwater with sand core. For completeness, tffereit test possibilities and
considerations about advantages and disadvantgesse possibilities are explained
here.

3.3.1 Wave flume

In a wave flume the layout of the prototype resaslthe real life situation; the actual
cross section of a breakwater with certain slogemtess, berm or no berm, crest
height, layer structure etcetera can be reprodutedoss section with a limited width
is constructed in the flume, breakwater heads diqub incident waves (waves that
approach the structure under an angle instead gdepdicular) are difficult to
simulate in a flume.

Figure 3-1 Small scale wave flume at the Fluid meealnics lab of TU Delft

Small scale wave flume

A small scale wave flume, like the one used by W@alIr(R006) is a very practical tool.
There are two available in the hydraulics labonatof Civil Engineering of Delft
University of Technology. Costs are lower than fge scale test facilities and the
smaller prototypes are easier to construct. Sntallesflumes often have glass side
walls, through which the processes at the interfaewveen core and filter can be
observed very well and through which the interdape can be measured. The main
disadvantage is the necessity of scaling and thielgms associated with that.
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Large wave flume (Delta Flume)

To overcome part of the scaling problems, a laiggdeswave flume is a very good
option. It can do the same as the small scale flumé than on a large scale. The
disadvantage lies in the high costs and limitedlalvdity of the facilities.

3.3.2 Wave basin

In a wave basin, a situation can be created ttsmibles the real life situation as
good as possible with physical model tests, baiaaelatively small scale, typically
smaller than in a wave flume. Advantages are thssibdity to test a whole structure
including breakwater heads and the interaction withects in the direct vicinity.
Another advantage is the possibility to test a kneder under oblique incident wave
loading, which might lead to longshore transport tbé sandy core material.
Disadvantages are the extra difficulty to conduebsurements inside the breakwater
and the small scale at which the tests can be meeid. Boundary effects are also
introduced, especially by the sides of the basihere waves are reflected if no
special measures are taken.

3.3.3 Wave tunnel

A wave tunnel can be used to separate parallel flodvperpendicular flow by placing

a sample horizontally or vertically in the testtg®t. A possible way of using this is

to put a layer of filter stones on a layer of samthe sample box, either horizontally
or vertically to get respectively parallel or pandeular porous flow. The tunnel is

best suited for parallel flow. The sample box saked in the middle of the U-shaped
tunnel. A piston in one end of the U pushes andsphke water up and down (the
other end has a free surface) to simulate waveraciihis method is useful to study
e.g. the critical flow velocities or critical gradt in the filter or the core. This can be
related to a certain wave height, period, reguylagiicetera, but this way of testing
gives no direct relation between external loadind deformation. Sediment transport
can also be studied, when the tunnel has a seditregntlike the one at WL | Delit

Hydraulics. A large tunnel is available at WL, buoeeds modifications and

preparations before it is operational.

Oscillating water tunnel

g\ N . M
open cylindrical riser

=
l‘ ‘| “\_servo cylinder

iston
B 03m

Cross

cylindrical riser -
section

1.10m

Figure 3-2 Schematisation of the wave tunnel at WL Delft Hydraulics (from www.wldelft.nl)
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Wave tunnel, breaking waves

It is difficult to simulate wave breaking in thentoel. During the wave run-up, most of
the water flows over the slope on the outside, guihg run-down, most of the water
flows through the filter layer, causing high poroagdocities and initiating transport of
core material through the filter layer. In the wauanel, the water flow is similar in

both directions, creating a similar flow type inthalirections. It is possible to add a
constant flow through the test section and to ¢ieewaves some irregularity (exact
possibilities are not known), which combination htiggive similar results for the

porous flow.

Wave tunnel, barred profile

Another problem is the creation of the barred eoffhe wave action in the tunnel is
constant in space over the whole horizontal sectidrere the waves on a slope give a
more severe loading around the water level areadieaper, below the water level. In
the slope, the barred profile develops; erosioredgilace where the wave loading is
more severe and the material is deposited loweherslope where the loading is less
severe. This bar is expected to influence the enogrocess, as locally a milder slope
of core material develops inside the filter layleeing less sensitive to erosion. It
seems problematic to create this effect in the waweel, where the loading is
constant over the horizontal section.

Wave tunnel, stability criteria

The wave tunnel is certainly suitable for the dmieation of the initiation of
transport of sand through a filter layer under psrdlow, and probably also for the
start of the erosion process when the amount oSp@ted material is important.
These research options are possible provided lledbtading difficulty is satisfyingly
solved. But as the deformation will be differenbrfr that in a wave flume,
stabilisation will probably not occur or in a diféat way. Altogether, the start of the
erosion process can probably be studied in a gomd whereas the stabilising part
will still need wave flume tests. If the initialamsport and erosion is chosen as the
main interest of study, the wave tunnel seems ta g@od option.

Wave tunnel, practical situation

At WL | Delft Hydraulics, a large wave tunnel isaglable (see Figure 3-2). However,
at the moment this tunnel is not operational. Femrtiore, international cooperation is
probably needed to realize a practical work siamtiAll this is possible, but not

within the time available for this thesis study. &hchoosing this way of testing, a
smaller facility has to be found, to do tests knayihat the scaling problems play a
role, and according to the results, make a plahfedarge facility. A further study by

for instance a next graduate student can comp®mg in the large facility.

3.3.4 Prototype on the coast

With a prototype on the coast, a test type is mé&anwhich a section of a breakwater
is placed on the coast, e.g. an existing beach, thnd loaded by the naturally
occurring waves. A prototype on the coast is usefuidee how a structure behaves
under a long term loading, with changing charasties. The results will probably
give more qualitative than quantitative informatias the process can probably not be
monitored continuously. The loading cannot be chps® continuous data of the
waves loading the structure is needed over the testing period. Different sections
with different grain sizes could be made that canrélated to different loading
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situations during the test. The main disadvantagéait this type of test takes a lot of
time.

3.3.5 Choice of test setup: small scale wave flume

The small scale wave flume at the fluid dynamidstatory of Civil Engineering at
TU Delft has been chosen to perform the physicatl@hdests for hydraulic loading
variations. This flume is available, the internalogesses can be studied by
observations through the side walls, a structusemling a possible prototype cross
section can be tested by chosen wave loading miisgatthe layout of the structure can
be altered for different tests and the resultheftests can be compared directly with
the results of Uelman (2006). The main disadvantdge scale effects that occur
because of the small scale of the tests, cannsblved, but an analysis of the scale
effects performed in chapter 4 indicates that tlegmitude of these effects, although
present, is expected to be within reasonable lirkitiects do occur, giving deviations
in results, but they do not affect the processemtelves. The erosion processes can
be observed and measured to get more insight ibehaviour of hydraulically sand-
open filters.
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3.4 Objective

The objective of this study is to find relationg the influence of variations of the
hydraulic loading, slope steepness and gradingltef material on the stability and
erosion patterns of core material in a breakwatarfiguration with a hydraulically
sand-open filter on a sand core, by performing mlaysnodel tests in a wave flume.
A part of the total problem described in this cleaspis to be solved with the
observations, results and analysis of these td@s$is. influence of the variation of
hydraulic loading on the erosion of core matesdboiund to be the most effective part
of the research possibilities described in secB®) in combination with an analysis
of scale effects.

3.4.1 Problem definition

Insufficient knowledge

The economically most optimal design of a breakwateild consist of a sand core
and a geometrically open and hydraulically sandrofiker construction, thereby
accepting a certain amount of loss of core matdnalfficient knowledge about the
transport processes involved in this type of bresikwis available in order to predict
the behaviour; the amount of loss of core matarnal deformation of the structure.

The first step has been taken

With the research performed by E.F. Uelman (2006)rst step has been taken
towards resolving the problem described above.r€kelts indicate that it is possible
to construct a breakwater of this kind that iniyiadxperiences loss of material under
design conditions, but tends towards an equilibrstate. However, only a limited

number of tests have been performed so far, anth&ance the effects of irregular
waves instead of regular waves, the dependency ae Weight, wave period and
slope of the breakwater have not been examinedjmtiously the existing dataset is
small because of the limited number of tests peréul so far.

Theoretical description

To come to a theoretical description of the erosaod transport of sand in a filter
layer loaded by irregular breaking waves, moreginmisin these processes is needed
and more test data are needed to validate theslratid possibly numerical models.

Design tool for practical applications

When more is known about the occurring processdsnaore test data are available,
design criteria can be formulated and design toafsbe constructed for the practical
application of breakwaters with open filters on and core. Insight in the erosion
processes in the breakwater is essential for this.

3.4.2 Ultimate goal of the research

The research into breakwaters with a sand corehgdcaulically sand-open filter is

aimed at gaining a better understanding of thei@nogrocesses involved in such a
structure under wave loading. The ultimate goaloishave a good qualitative and
guantitative description of the wave/ water intéag transport of material and

deformation of the structure, and to present a gdesign tool for the practical

application of hydraulically sand-open filters osand core.
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3.4.3 Objective of this thesis study

The objective of this study is to find relationg the influence of variations of the
hydraulic loading, slope steepness and gradingltef material on the stability and
erosion patterns of core material in a breakwatarfiguration with a hydraulically

sand-open filter on a sand core by performing pta&ysnodel tests in a wave flume.
The central research question is formulated as:

What is the erosion growth pattern for the erosodrsandy core material
through a hydraulically sand-open filter layer in lareakwater under
varying wave loading? Does an equilibrium profilecar and if so, when
does it occur for both design conditions as for srate, long term,
conditions?

Physical model tests in a wave flume and a thexadesitudy of the occurring scale
effects serve the objective of finding answersis tentral question.

Physical model tests

Physical model tests give insight in the erosioawgh and stability of the model

under selected loading conditions. The loading at&mm encompasses irregular
waves, variation of wave height, period and stespneut also variation of the slope
steepness and grading of the filter material. Bsailts will be analysed for relations
between loading and erosion, the development ofsi@moin time and the

establishment of an equilibrium state under varioading situations.

Theoretical study of the scale effects

Scale effects are studied theoretically. The gb#tie part is to come to a selection of
scaling criteria and quantification of the scalieets between prototype and model, to
judge the validity of the model tests. A dimensioamalysis of the processes and a
literature study of similar projects are appliedaach this goal.

Numerical modelling: preparation

When more data from tests are available, a numemaalel could be applied and
validated with these data. The preparation for micakemodelling is meant to serve
as a starting position for a future study whereumerical model will be constructed
for this problem or where an existing model willitnedified to fit the configuration.

Scale series and large scale tests: preparation

In order to get a qualitatively and especially ditatively good description of the
occurring processes, leading to a good design tbel,scaling problem has to be
solved at some point. Scale series and large sestle can be the solution for this, but
are not feasible within the thesis. However, sutiges can be made as to what tests
to perform and with what kind of parameters of iegt. The objective of this part is
to give a first guideline for large scale tests audle series tests, as described in
section 3.2.1.
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Chapter 4

Scale effects

4.1 Dimensional analysis of the processes

4.2 Comparison and quantification of the scale effe  cts
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Chapter 4 Scale effects

A theoretical study into the scale effects that uncevhen a breakwater with
hydraulically sand-open filter is scaled down franprototype to a physical model is
described in this chapter. This study is perfornredome to a selection of scaling
criteria and quantification of the scale effectaween prototype and model. The
validity of the model tests can be judged and thandjfication can be used to define a
margin of safety when using the results for pradttuations.

4.1 Dimensional analysis of the processes

With a dimensional analysis, a process is desciiyedon-dimensional parameters to
be able to see influences of different parametggardless of the scale or the absolute
guantity. The goal is not to come up with an exXaamnula for the process, but with
the essential non-dimensional parameters, whichoabe preserved in a scaled model
in order to avoid scaling effects. A useful tootivim the dimensional analysis is the
Pi-theorem*, a systematic way of forming non-dimensional parters from a set of
dimensional parameters describing a process.

According to Ettema et al. (2000JA dimensional analysis is a useful tool to
formulate the problem and ensure that similitudedibons are taken into account
properly.” In practice however, it can be quite difficult¢dome to sound results for
complicated problems. Nevertheless, it is usefulnteestigate the problem with a
dimensional analysis in order to find important ¢comations of parameters.

4.1.1 Pi-theorem

The Pi-theorem is a systematic way of forming nenehsional parameters from a
set of dimensional parameters describing a procksstates:“a dimensionally
homogeneous linear equation is reducible to a fonet relationship among a set of
dimensionless parametersThe basic steps are listed below. For more inféiona
see appendix Il, part scaling problems.
- List all n relevant physical quantities, expressederms of the fundamental
dimensions
— Note the number of fundamental dimensions, m
— Select m physical quantities as repeating varialslesh that:
o0 None is dimensionless
o No two have the same dimensions
0 Together they do not formIa parameter
0 They include all fundamental dimensions involved
— Express the terms as the product of the termstedl@t step 3
— Solve the unknown exponents
After these steps a dimensionless form of theistpelquation is obtained of the form:

n,=rF{M0,,n,..}

In which the Pi-terms are dimensionless combinatiai the starting equation
parameters.

24 Ettema et al. (2000) [9] and Hughes (1993) [26]
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Dimensionally homogeneous linear equation

In a dimensionally homogeneous linear equation dileension of the left-hand side
variable equals the dimension of any of the termghe right-hand side that stands by
itself. E.g.: x, = f(X,, X, X,,...., X ). According to the Pi-theorem, such equation can
be rearranged into a new equation expressed instefrdimensionless products (Pi-
terms) asf1, =W (M,,M,,....MN __ ).

7 in-r

4.1.2 Application of the Pi-theorem

Various attempts have been made to apply the Bréime to the process of erosion of
core material (sand) through an open filter in @akwater loaded by breaking waves.
The procedure for the erosion depth as a functibnvave loading and material
properties is shown to illustrate this. This pracd®wever, is not easily included into
one homogeneous, linear equation. Therefore, éifieparts of the process are put in
separate equations, all examined with the Pi-thmofiéhey are:

— The hydraulic gradient in the filter as a functwifhydraulic loading.

— The filter velocity as a function of gradient anltef material properties.

— The bottom transport at the filter-core interfaseagfunction of core material and

filter velocity.
— The erosion depth as a function of the hydraubdiog.
— The erosion area as a function of the hydrauliditog

Filter

le (%

Figure 4-1 Sketch of the breakwater layout with imprtant parameters

Hydraulic gradient in the filter as a function oydraulic loading

A theoretical equation to quantify the direct relatbetween the gradient inside the
filter layer and the properties of the breaking esvhat load the structure does not
exist, but it can be stated that the gradieist a function of the wave properties, the
geometric properties and the water propertiestHsr particular type of structure. In
this relation, the used wave properties are helghdind periodT, the geometric
properties are the porosity and the locatiorz (depth below the mean water level),
and the water properties are the denagityand the kinematic viscosity Gravity g is

an external property. In equation form:

I=f(H,T.n,.0,v.20
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All the parameters are now written as a combinedttion with an unknown poweg
for every parameter, and after that written as dinéy fundamental dimensions Mass,
Length and Time, of that parameter, to the sam@owk power:

[1=1%H%T*n %p 02" g*
= (L ) ] [ [ e

To get a clear overview of the dimensions involvadtable is presented with the
powers of the dimensions for every parameter.

I H T e Pw 0 z g
M 0 0 0 0 1 0 0 0
L 0 1 0 0 -3 2 1 1
T 0 0 1 0 0 -1 0 -2

For the total relation to become dimensionlesghallrows in the table have to add up
to be zero, which e.g. means for the first row tat 0, becauses is the only power
in this row that is not zero. Altogether it means:

X, = freg x = free-= [1,= I[],= n

% =0
X, + 2%+ % + % =0
X =% —=2% =0

These two equations include five unknown variablegiich means that three
repeating variables have to be chosen to get vdtuethe other two. As repeating
variables,xs, X7 and xg have been chosen. Values for these repeatingblesiare
chosen such that one has the value one, the aiteerero:

X =1,% =0,%=0-
Tu
X2:_2—> )(3:1—> |_|3:F

For easier comparison, some of the resulting Pigeare inverted, giving no real
2

. . . H . .
difference as long as the relations between thegeare not flxed? indicates two
U

things. One is that the viscosity plays a role Hralother is that the period should be
scaled with the same factor as the wave heightrequdhis also follows from the
often applied Froude scaling law.

X=0,%=1%=0-

X2:_1—> )%:0—> n4:ﬁz
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— suggests that the position under the wave is itapgras was also visible in
z

Uelman'’s test results.

X =0,%x=0,%=1-
_gT

X2:_1—> X3:2—>|_|5

= is a measure for the wave steepness, as the watkelis a function o§T2. This

indicates that the wave steepness is to be preseviien scaling down. Again the
scale factors for wave height and period as obdainem the Froude scaling law
provide this preservation of wave steepness.

Put together, the gradient can be written as atifumcof the above derived
dimensionless terms:

el HHH
YTz gT

The meaning of most Pi-terms has been describedealibe other two are the
gradientl itself and the porositg, which are dimensionless by itself.

Conclusion Pi-theorem for the hydraulic gradient

The application of the Pi-theorem for the abovecdled relation for the hydraulic
gradient shows that in order to preserve the gradiden scaling down, the found
dimensionless terms are to be preserved in thatepso The Froude scaling law is
important for this process, but the viscosity iportant as well.

Filter velocity as a function of hydraulic gradieand filter material properties

The same procedure as above has been followedabll the steps will be shown
and less explanation of the procedure will be givBme used relation is a relation
between the filter velocity and the hydraulic geadj although the gradient is on the
left hand side of the equation. This does not make@mportant difference for the
dimensional analysis. The extended Forchheimetioalds used as starting equation:

| =all +bU ¢U|+CO:j—LtJ. Together with the relations far, b, andc as used by van

Gent®, the following parameter relation was found:

| =f (nf,u,g,Df ,uf)

M=1%n"v*g*“D, *u,*
n=[-]"[-]*[eT [ e LT

Following the same procedure of the Pi-theorens, i#ads to:

van Gent (1995) [14]
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uD, u?
IZF{nf, fo1g|;}
f

. . o ubD. .
Naturally,| andry are dimensionless by itsef—- is the Reynolds number, a very
v

important parameter in situations where the visgasi the water might play a role.

Inside the filter layer, flow can become less tHialty turbulent, causing unwanted
2

u
scale effects. The other found Pi-ter%qé)— is the square of the Froude number, often
f

stated to be the most important parameter for regdlow properties in general. It
should be noted that it is not possible for both roude number and the Reynolds
number to be preserved simultaneously when scamgn, leading to inevitable
scaling effects when scaling down porous flow psses. The magnitude of these
effects will be treated in section 4.2.

Bottom transport as a function of the shear velouitthe filter

With bottom transpor,, here the bed-load type of transport of core-sawvet the
interface between filter and core is meant. It aelseon the shear velocity, the
density of the sand graips, and the grain size of the core matelDgl

S = f(up.0)
MN=8*u*p> D
M :[LZT‘l]XI[LT‘l]XZ[Ml:?’]XS[ L.

Solving this equation leads to:

X =0
2+ %= 3%+ % =0
X, +% =0

With repeating variablg, this leads to:

— — — — S)
—1—> —_1—> ——1—>|_| -
X % % ST

X=0-x=0-x=0

S

The result is only one dimensionless Pi-term—, which should be preserved in
UD

order to keep the bottom transport in the giventiata relation preserved in the

model. It should be noted that the grain size &f ¢tbre material, sand, cannot be

scaled down when the material is to remain sandllemgrains than about 0,1 mm

get influenced by cohesive forces and becomensitead of sand.
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Bottom transport as a function of shear velocitiction coefficient, water properties
and grain properties

The former relationship for bottom transport wadwted from the parameter analysis
and process analysis for the configuration of treakwater as in this research. Other
formulas do exist, for instance the Kalinske-Frkliformule®. This formula relates
the bed load (or bottom) transp@&@i to the grain sizéy,, gravity g, density of sand
and wateps andpy, the flow velocityu, the waterdepth and the friction coefficient
k.. The notation used in van der Graaf (2005) ised#ht and a different friction
coefficient, Chezy, is used which can be writtemdsnction ok.. The formula is not
handled here to use it as a formula, but to sh@are¢kations for bed load transport in
a tested equation. The transport process insidefbka pores of the filter is basically
the same as the transport process under curreng iopen channel or on the
foreshore, be it with cyclic loading. The parametevolved are:

S = (D, 80,0, U hk)

In dimensionless form:

N=s*D*dgp2p,°us h k*
n=[ T [ LT e o e o g [ g

The results after the performance of the Pi-theorem
S _ {g o h &}
uk kv k'p,

D

?b and%are just a length scale divided by a length secaeybe a trivial result. The

T

relative density& seems to play a role in this process which can la¢sexpected as

the flowing water and the grains express force aoheother, influenced by the

%is very similar to the inverse of the Froude numbeéth Fr .
u

Jgh
Only the power is different and a different lengtrameter is used. Similarities with
Froude scaling appear for most relations and seefmetvery important for flow
processes.

density.

Erosion depth as a function of hydraulic loading

An attempt has been made to relate the hydrawdidihg directly to the erosion depth
in the following way:

d,=f(H,T,D,D,.d,,tara)

% van der Graaf (2005) [15]
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The almost trivial result of this was a relationtween some dimensionless
parameters:

D, d
H_ F &,—f,—f,tana
dS dS dS

This indicates that the length scale should nadibsrted in the model. Only Length
dimensions are found in these results, indicatireg the proposed starting relation is
not practical for the application of a dimensioanhlysis for this particular problem
as a whole. Therefore, different parts of the pseae treated separately as well.

Erosion depth as a function of hydraulic loading dadifferent relation

In the results above, all the terms are made diopless with the erosion depth,
which is not practical for the analysis of paramgtbecause the erosion depth is the
dependent parameter. A different approach giveshanagesult, where this time the
grain sizes are not taken into account, presumifiged combination of grain sizes
for which this relation holds. The thickness of fliter layer and the slope steepness
are taken into account, as well as the wave heigbtjod and gravitational
acceleration:

d, = f(H,T, g, df,tana)

Application of the pi-theorem leads to the follogricombination of dimensionless
parameters:

2
ng i, aT , tana
df df df

In this example, the dependent parameter, thea@radepth, as well as the loading
parameters, wave height and period, are made diordess with the use of the filter
layer thickness, an independent variable. Thistioglais especially useful for the
analysis of test results, indicating that a refatiietween the dimensionless erosion
depth and the dimensionless wave height and pesimdild be found in the test
results. A variation on this is an extended fornthaf same parameters:

d, = f(H,T, D,,D,,d, ,taer ,g 0, psu)

The expectedly most useful result of this in teohgest result analysis:

T2 JoH D,

From the termsgT? is a measure for the wave length, (:92—) and———is a
Vg v

measure for the Reynolds number inside the poriéls,\\gH as a flow the velocity.
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Erosion area as a function of the hydraulic loading

Besides the erosion depth, also the erosion arem isnportant measure for the
amount of erosion, giving the total volume of sdnalt is removed by the waves and
will have to be supplied as stones if maintenasaequired. The same parameters as
above yet withAs instead ofls, leads e.g. to the following:

A= f(H’T’Db’Dwdf!tam 9 Oy ,OSU)

A combination of dimensionless terms can be madepikg in mind the parameters
that are expected to be important after Uelmansssteand after a first analysis of
parameters:

A _¢ di D, tana p, VOHD,
HgT? D,'D, [2nH 'p, v
gT”

In which the first term of the right hand side elgug, the second is the openness of
the filter, the third equals the Iribarren numbBethe fourth is the density ratio and the
fifth the Reynolds number. The left hand side edathe erosion area to the wave
height and —length.

Combining relations and introducing the number alves

Until now only the magnitude of the loading hasrbesed, without the duration. The
duration can be expressed in a dimensionless waysimg the number of wavel,
Test results of Uelman show that erosion incregsadually during the tests, so the
number of waves must have influence. Besides thispmbination of the above is
interesting; e.g. the hydraulic gradient used imbmation with the erosion area.
When assuming an important gradient-driven mechanthis should result in an
interesting relation with a physical relevancy. @spibility for this is:

A =f(H,T,D,D,.d, tax ,gp, p, v | N)

The result resembles the above closely as well:

d HD
A Cplins D B P NOIED el Nm > mE L R
HgT Df Df 2771—' pw v Df pw
gT?

In this relation, parameters are used several timedifferent ways and loading
parameters are used both on the right-hand asefefithand side. Nevertheless it
might lead to an interesting result in the analg$§i€hapter 7.
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4.1.3 Conclusions of the dimensional analysis

The application of the Pi-theorem resulted in a bhamof relations between

dimensionless terms being combinations of involvearameters. Because the
complex process from hydraulic loading to erosionld not be captured in one single
relation, as too many aspects are not well knowthiatstage, the results of the Pi-
theorem should be handled with care and shouldbgared with known results and
relations for similar processes. Some importantip@ters are found and will be
summarized here. The found dimensionless relatoas

2
|_F{ f,H_,E,L}
uT z gT
:F nf,Ufo,Ufz
gD,
S,
u.b,

d
HgT? Df’Df’\/an o, v

d NEGL
A —plin 2 D tana b, FILNmM 2 mgPe
HoT D,'D, o 'm0 f s
9T’

Length scale distortions

Many of the Pi-terms found are a combination of tleoagth parameters. This
indicates that the length scales should all beedcalith the same factor to avoid

]
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scaling effects. Unfortunately this is not alwayssgble; especially the scaling of
sand grain diameters gives problems in this field.

Froude scaling importance

For the process of loading to hydraulic gradientvadl as the process of hydraulic
gradient to porous flow, the Froude number appeaedne of the Pi-terms. The
Froude number is therefore very important for thalisg process, as was expected
for processes where flow is important. The Frouchdisg law implies that the length
scale factor should be the square of the veloc#yesfactor.

Reynolds scaling importance

For the hydraulic gradient, the kinematic viscosigems to play a role and for the
filter velocity the Reynolds number itself appeaesdone of the Pi-terms. As a result,
the Reynolds number should be preserved, becauseniportant for the processes
involving porous flow, the processes in the fillayer. Unfortunately, as stated

earlier, simultaneous Froude scaling and Reynaddéng is not possible. A common

use is to use the Froude scaling law and to esirtied Reynolds scaling effects as
good as possible. Section 4.2 elaborates on thisoarhow this problem will be dealt

with.

Density ratio

The ratio of the densities of water and rock/ sappears for the dimensional analysis
of the Kalinske-Frijlink formula. Although this forula is not designed for this
application, the process is very similar to theaded process of bed load sand
transport inside the filter layer, on the smallgssscale. It suggests that the densities
of water and other materials should stay in theeseatio. As water is meant to be the
used fluid in the model as well as in the realaitn (naturally), the density ratio
prescribes the same density of sand and rock imotywe and model. The only
consideration that might affect this is that in momal situations, the water will be
salty, salt water having a density of about 2,8tpercent higher than fresh water,
which will be used in the model. This can causeadeseffect.

Initially dimensionless parameters

Parameters that are initially dimensionless, swgltha hydraulic gradient, the slope
steepness and the porosity, are to be preserwedlhas

Comparisons with other processes and known relation

Not all aspects of the total process from hydraldiading to erosion could be

captured in one relation and therefore some impbpgarameters might be missed. In
order to handle all the important aspects propegilts of similar studies and known
scale effects will be studied and compared with fineings of the dimensional

analysis in the next section. Effects like air amment in breaking waves, types of
wave breaking, extra water properties, sand or estproperties or geometric

properties might have additional scaling effectsiother important reason for the
comparison with literature is to come to a quardtiion of the scale effect. With the
dimensional analysis only the qualitative effects p@arameter combinations are
studied and parameters that are to be preservedder to avoid scale effects are
formed. However, because it is impossible to presaill the important parameters,
scale effects will certainly be present. The questemains what the magnitude of the
effects is and if the processes themselves aregeldaor that just the outcomes of the
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tests are too high or too low, and to what exte&ettion 4.2, quantification of the
scale effects elaborates on these questions.

Usefulness for the analysis

The last four of the dimensionless relations arpeeted to be interesting for the

analysis of the test results as done in Chaptall parameters used in these relations
are to be measured in the tests, except for theabirc gradient. It will be tried to use

an estimate of the gradient or to find a relation if with known parameters. The

erosion area and —depth are important parametetbdalesign of the structure and a
formula that relates the erosion to the loadingiagibn with wave parameters,

structural parameters and duration will be veryfuide the designer.

]
TUDelft 56



Scale effects

4.2 Comparison and quantification of the scale effe  cts

It can be concluded from the previous section tadle effects will be present
between prototype and model scaled processes. 8ffelts and therefore some
degree of distortion of the results is inevitalitethis section, the magnitude of these
scale effects is studied by comparing the resudts1fthe dimensional analysis with
literature on similar processes and by compariregglfocesses for this breakwater
layout and configuration with known magnitudes afale effects for similar
situations. The result will be an estimate of tldep of magnitude of scale effects
rather than an absolute value or percentage. Itseawe as an indication for the
validity of the experiments and as a guideline fbe scaling procedure to be
followed. Important literature sources for this &eghes (1993) [26], Ettema et al.
(2000) [9], and Tirindelli et al. (2000) [44].

4.2.1 Comparison of the dimensional analysis with | iterature

In Hughes (1993), a dimensional analysis for rulvht&ind breakwaters is presented
as performed by Hudson et al. (1979). It shoulchbied that these tests and analyses
are done for structures with a core of quarry mstgad of sand and that the main
focus is the stabilty of the armour layer, intdrrsdability being assured by
geometrically closed conditions for filter and ctagers. Nevertheless, the results are
valuable, because the porous flow in the rubbleenedtinduced by wave attack is
treated and is a very important process for thegeresearch into open filters. Some
findings of those studies can be used as indicdtorihe present research. Besides
the analysis for rubble-mound structures, alsoyaesl for coastal sediment transport
are treated. These are also interesting for theepteresearch as the erosion of core
material is similar to the sediment transport pssce

Dimensional analysis for rubble mound breakwategrsdndson et al. (1979)
A large number of involved parameters is listedodlews:

- Water depth at toe of structure

- Percent damage to cover layer

- Gravitational acceleration

- Wave height

- Characteristic linear dimension of armour unit
- Water velocity near the cover layer

- Seaside slope angle (from the horizontal

- Incident wave angle

Shape factor of units

- Bottom slope seaward of structure

- Wavelength

- Dynamic viscosity of water

- Linear dimension of surface roughness of units
- Mass density of units

- Mass density of water

EE;@_‘: raebdb==9 Cs T U=

In equation form this becomes:

f(U.H.L,h,5.6.9.0, 0, ], i k@ & D)= (
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After rearrangement of parameters into dimensiendesnbinations this becomes:
[ H h

u u, k, p
_al_’_lalﬁlAlei L] 2 1_a ] W ,D = (
{h LL Jal ‘4l e, . (papu) }

For complete similitude between model and prototyllethese dimensionless terms
should be preserved. The first seven terms areepred by a geometrically

K

undistorted model% is the Froude numbeilz% is the Reynolds numbelﬁ
g a w a

indicates that the roughness of the stones shauktaled in proportion to the length

dimension of the stone?;op_iwp) is preserved when the density ratio of water and

stone is preserved, and is the dependent (dimensionless) variable in theyais.
Together, a short list of most important requiretadar the scaling of rubble-mound
breakwaters is formed:

— Rubble mound structure models must be geometricaldlistorted in length scale.

— Flow hydrodynamics in a rubble-mound structure nhadast conform to the
Froude criterion.

— Rubble-mound structure models must have turbulemt €onditions throughout
the primary armour layer.

— The surface of structure units is to be made a#mas possible.

— The ratio of density of stone and water is to lEsprved.

All these requirements, except the surface roughrexguirement, were also found in
the different parts of the dimensional analysistfe breakwater with sand core and
very open filter, presented last section.

Dimensional analysis for coastal sediment transgpyrKamphuis (1985)

Research and experiments into coastal sedimenspoan are aimed at different
applications than breakwaters with a sand core,th&tprocess of picked up and
transported sediment by currents induced by wasegry similar for the movable

bed models and the transport through the relatively open filter layer. Kamphuis
(1985) performed a dimensional analysis for thaseesses, of which here only the

result is presented:

As in the analysis for rubble-mound structures, fits¢ obvious criterion is that the
model is to be geometrically undistorted in lengtlales. The first five dimensionless
products lead to this criterion. The sixth dimensass product suggests that the
bottom roughnesks should be scaled in proportion with the other tangrales. The

2 From Hughes (1993) [26]
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seventh product indicates that the hydrodynamiessealed according to the Froude
criterion, and the eighth product can be recognaea flow Reynolds number with

JgL representing the velocity. The Reynolds numbeo ibe preserved, or at least

turbulent flow in the model is required whereves flow is turbulent in the prototype.
Together, the model should be geometrically undisth roughness should be
proportional to the length scale and Froude andnBldg numbers should be
preserved.

Bedload dominated sediment transport

For bedload transport, a slightly different apploawas used, with sediment
parameter®, ps andz, (bottom shear stress) combined with fluid paranseter and
J (characteristic length, in short wave models taierthe wave amplitude). Also the

. fr
fall speed,w and the shear velocityy,=,|-> were used. The result was the
P

following dimensionless equation in whigh= (0, - p) g:

2
Mg =F UB pU P A w
v yD p D u;

In this equation, the first dimensionless termhs particle Reynolds number, the
second is the densimetric Froude number. Togethey tepresent the axes of the
Shield’s diagram for incipient motion of sedimemider flow. The third term is the

relative density, the fourth is the relative lengtid the fifth term is the relative fall

speed, the fall speed relative to the shear vglo€ite results are similar to the former
analyses; some form of Froude and Reynolds nunsioene form of relative length

scale and relative density appear almost every.tithe difference here is that the
involved parameters affect the process on a vergllsuoale, like the shear velocity
acting on a sand particle, or the fall speed cdréigle.

Suspended load dominated sediment transport

For suspended load transport, the fall speed isghibto be more important than the
shear stress and shear velocity, because the gradnset in motion and kept in
suspension by the turbulence of the breaking weager than by the shear stress on
a grain. Therefore, for suspended load transpb#, Dean number or fall speed

H . . : .
parameter—T is often preserved in the model instead of thesl8kiparameter or
w

relative shear velocity. The fall speed parameteesy some indication of the
importance of suspended load relative to bedloadsport, as it can be seen as the
ratio of a sediment fall timeH{w) and the wave period. The fall speed parameter is
preserved iy = Ny, SO e.g. witmy = nt andny = nv%, which is in accordance with
ne = 1 for the scaling of waves. Noda (1978jot good results for wave flume tests
for equilibrium beach erosion profiles when thd fgdeed parameter was preserved,
and much poorer results when it was not prese®edn formulated a list of criteria
for geometrically undistorted suspended transpodeis:

2 From Hughes (1993) [26]
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— The model must be geometrically undistorted

— Hydrodynamics should be scaled according to thedeariterion

— Similarity of the fall speed parameter should benta@ed

— The model must be large enough to preclude sigmfiwiscous, surface tension,
and cohesive sediment effects so that the charatteave breaking is properly
simulated

— Sand is preferred as the model material

The above criteria satisfy the Froude hydrodynanoriterion, the ratio of wave
steepnessi/Ly, the ratio of fall speed parameter and the raticelative density. The
drawback is that the Shields parameter is not prede leading to scale effects
especially if bedload transport also occurs inrttoelel.

4.2.2 Scale effects from other studies

Little quantitative information on scale effects generally available, results are
mostly only suitable for a very specific situatioor, results give only qualitative
indications and mostly guidelines as to how to d\smale effects. For the quantitative
investigation of scale effects, very often a ss@dees or comparison with prototype
measurements are suggested, non of which are fegsibin the scope of this study.

Scale effects for wave-structure interactions

Although the primary wave-structure interactionke larmour layer stability, are not
the goal of this research, the process is intergstecause the porous flow in the filter
layer results from the interaction of waves and #teicture. In Tirindelli and
Lamberti (2000), the following scale effects areught forward, withRe, as critical
Reynolds number witk) = V(gHs). The Froude criterion is applied for the scaling.

- Dai and Kamel (1969) found no scale effects on amuamage foRe. > 3x1¢
with Dpso = 20-300 mm and regular waves.

— Thompson and Shuttler (1975) found no clear depsndef the erosion on Re
with Dpso = 20-40 mm with irregular waves.

— Van der Meer (1988) and others found no significecdle effects on armour
stability forRe = 1x10 - 4x10 with irregular waves.

- Jensedrll and Klinting (1983) argued from theoret@atsiderations thaRe >
0,7x10.

- Sharp and Khader (1984) proposRé = 4x1C, but Kajima and Sakakiyama
(1994) suggesteRe. = 3x1d for regular waves.

— Wave run-up can be underestimated in the mdeielvalues are suggested to be
the same as for wave impact.

- Van der Meer and Veldman (1983 ¥ound no significant scale effects for berm
breakwater erosion patterns between a 1:7 and & 4cale model. Wave
overtopping and reflection were similar, only wav@nsmission was 10 — 50%
higher in the larger model for the largest waves.

Others suggest that the Reynolds number must sit b 4.000 to 10.000. As the
Reynolds number gets lower in the model, more wiscgcale effects will be

2 van der Meer and Veldman (1991) [37]
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introduced, increasing gradually in magnitude. Arphboundary does not exist, but
effects are thought to be not very large for Regiaslumbers above 10

Surface tension and viscosity effects for brealwages

Among others, Tirindelli and Lamberti (2000) indieathat for breaking waves,
surface tension and viscous forces give no scédetsfas long as the wavelength is
greater than 0,5 m and the period greater thars.OFfelated to surface tension is a
scale effect that does play an important role eaking model waves: the difference
in air entrainment by either fresh or salt wated dny smaller scales, leads to scale
effects. Air entrained in the wave has a dampirfigcebn the impact of the wave on a
structure. Bullock et al. found 10% higher impaelues in the model than in the
prototype for a Froude scale factor of 25

4.2.3 Scaling requirements for open filtersonasa  nd core

The configuration of the breakwater for the presergearch with a hydraulically
sand-open filter on a sand core, leads to the oexce of several different processes
that ask for different scaling requirements:

- Incoming waves are successfully scaled with theu#eocriterion as long as
Reynolds numbers are high enough for the flow ttulbleulent.

— Breaking waves are usually scaled with the Frouderion, but the difference in
air entrainment by both fresh or salt water and llemacales, leads to scale
effects.

- Porous flow is scaled successfully for rubble-mobnelakwaters with a method
that preserves a characteristic value for the hdragradient in the most
important points of the cross sectian

— Stability tests for rubble-mound structures arelestavith the Froude criterion
and additional criteria like geometrically undigeat length scales, turbulent flow
in the model, smooth surface of stones and predeelative density.

- Bedload sediment transport is scaled with the 8kietiterion.

— Suspended load sediment transport is scaled webkepvation of the fall speed
parameter, by which the Shields parameter is redepved.

It is not possible to satisfy all the requiremeiotsall the processes, which are already
compromises for the different aspects of the spegfocess. Perfect similitude
between model and prototype is not possible, ndrpessible to draw one list with
scale criteria that can all be satisfied and tladisfy the requirements for all the
processes involved. Nevertheless, similarity betwibe different requirements exists
and indications exist that scale effects remairhwireasonable limits when certain
boundary conditions are fulfilled. The best fitsfale requirements for open filters in
breakwaters with a sand core is therefore beli¢wdxe as follows:

Scaling requirements for the model in the presestarch

— The model is recommended to be geometrically uoded in length scales. Only
the grain size of the core material, sand, caneadaled according to the overall
length scale factor.

30 Erom Tirindelli et al. (2000) [44]
31 Burcharth et al. (1999) [8]
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— Hydrodynamics in the model must conform to the BEeariterion.

— The model must have turbulent flow conditions algsand inside the filter layer.

— The surface of filter stones is to be made as smastossible.

— The ratio of density of stone and water is to kesprved.

— The sediment grain size can be scaled accordintpdofall speed parameter
preservation.

— The densimetric Froude number (Shields parameteo be preserved as much as
possible.

The above requirements are a combination of thelinements for the separate
processes as described earlier. The first threefaaned for practically all coastal
engineering models and form an important basis. fdlnegth requirement serves to
prevent too high frictional forces in the model.eThfth requirement preserves the
relative density, which results from several dimenal analyses. The sixth
requirement preserves the fall speed parameteleadd to discussion; the difference
between bedload and suspended load sediment tran3pe last requirement is
closer to a guideline; the Shields parameter shactidally be preserved but cannot be
by the choice of priority for the sixth requirement

Discussion of sediment transport and the scalingaoid

The use of the fall speed parameter for the scadihgediment is desirable for
suspended load transport, but compromises thedagstrement for the densimetric
Froude number, thus leading to scale effects falldael transport. Both transport
modes have been observed by Uelman in his tesis. tlierefore difficult to say
whether the choice for fall speed parameter preserv gives better results than the
choice for Shields parameter preservation. Thecghas made in the requirements to
give the fall speed parameter the priority, resiutimn practical considerations related
to the scaling of sand grains. Following the fakked parameter scaling, the grain size
can be scaled down with the same ratio as the wexied (time scale), which is then
the square root of the ratio for the wave heigii@th scale). This smaller ratio makes
it possible to scale down coarse sand in the ppéoto fine sand in the model, for
usual scaling factors. Scaling with the Shieldsapeeter asks for a higher scaling
factor, making it very difficult to use sand aspnesentative material in the model.

Desired other requirements that are not met

For porous flow in a rubble-mound structure, presgon of the hydraulic gradient is
desired, but is not met by the set of requiremehit® reasons are of a practical
nature: first, the preservation of the hydrauliadjent needs information about the
gradient in a prototype situation. The describedho@ by Burchartff to do this
requires prototype measurements or simulationse rdrwhich are available for this
research. Second, preservation of the gradientsletd distortion of other
requirements, and choices have to be made. The oledees are mentioned above;
scale effects due to not met requirements are atthas good as possible.

Scaling according to the Froude criterion makasigossible to satisfy the Reynolds
criterion as well. For wave propagation outside 8tmucture this will give no
noticeable effects, but for porous flow inside fiieer layer, viscous forces easily
become too large. This effect will be quantifiedome Also the particle Reynolds

32 Burcharth et al. (1999) [8]
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number, important for the bedload dominated sedini@msport and related to the
shear stress, is not preserved. After the testgstimate of the particle Reynolds
number is to be made in order to see the influerfodscous forces and judge the
possible effects associated with this. Also effehige to not properly scaled bottom
roughness can be expected. Bottom roughness deperie grain size.

4.2.4 Quantification of scale effects for this rese  arch

Quantification of scale effects for a breakwatemais problematic after the
dimensional analysis and comparisons to other relseabecause only few
guantitative results for similar studies have b&amd. Most guidelines give ranges
for certain parameters for which no significantlscaffects have been noticed, like
for instance a lower boundary for the Reynolds nemBbove which little viscous
effects have been noticed.

In the next chapter, test choices are made. Aestar test is chosen as test number 6
by Uelman, wheréd = 0,10 m, T = 1,2 s,Ds50 = 0,033 m andpso = 0,16 mm. This
reference test is used for the quantification @f $hale effects. The following effects
and ranges have been found.

Viscous scale effects for porous flow in rubble-nbmodels

In Hughes (1993), the stability for outer layersatated to the Reynolds number for
the same layer. Figure 4-2 shows this relation, resiike upper line is the stability
number in the prototype and the lower line is ttaity number in the model, after
Dai and Kamel (1969). This stability number is defi by Hudson (1958) as

1/3

N =L H

[L _1}\/\/31/3
Y
weight of the stone and is the no-damage wave height (threshold of damage)

5
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Figure 4-2 Viscous scale effects on rubble-moundadiility models (from Hughes 1993)

33 From Hughes (1993) [26]

63 Van Oord i



Open filters in breakwaters with a sand core

JgHD,
The Reynolds numbeRe:M for the reference test is 2,5X10The figure
v

shows that for Re = 2,5x10a scale effect of about 10% occurs. In the maokel
Reynolds number is lower, thus viscous forces tamger leading to more resistance
to the flow resulting in higher damage becausdeftigher resistance forces. In other
words, for the reference test the damage to thewartayer can be overestimated with
about 10% in the model. The stability of the armdayer is not the goal of this
research, but it is expected that the viscositsiteel scale effect also affects the
porous flow in the filter layer in approximately ethsame way. The velocity is

calculated ad) =./gH here, the effect is expected to be in the ordethefsquare

root of the stability number effect, so the expdatederestimation of forces due to
viscous effects by the porous flow velocity is e torder of 5%.

Other scale effects related to viscous forces

As discussed in the previous section under ‘wavectire interactions’, different
lower boundary values for the Reynolds number arengto avoid scale effects in a
Froude-scaled model. From this discussion it iseeigx that no significant scale
effects in wave-structure interaction will occur ;g as the Reynolds number
exceeds 10 For the reference test, Re = 2,5%160 this criterion is met for the
reference test. In addition, Thompson and Shufi®r5) found no clear dependency
of the erosion of Re witnso = 20-40 mm with irregular waves. Tiigso, the grain
size of the filter layer, lies within this ranger the reference test.

As a result of overestimated viscous forces, waveup can be underestimated in the
model. Reynolds boundary-values are suggested tiocbgame as for wave impact.

For berm breakwaters, Van der Meer and Veldmani(£4®und no significant scale

effects in erosion patterns between a 1:7 and & dcdle model. Wave overtopping
and reflection were similar, only wave transmissizas 10 — 50% higher in the larger
model for the largest waves. This means that mamepihg occurs at the small scale
for which higher forces are necessary. The forcéie overestimated in the model.
Wave transmission will hardly occur through thedsaore of the present breakwater
model, but penetration of the waves through therfiayer is important. The scale
effect found by Van der Meer and Veldman holdstfansmission through the entire
structure, which leads to the hypothesis that tfiecefor penetration through a

relatively thin filter layer is considerably smailléTherefore it is expected that the
10% overestimation of the damage by the wave height5% overestimation of the
damage by the filter velocity described above repmé the viscous scale effect well
enough.

Surface tension effects

For breaking waves, surface tension was not foargivie scale effects as long as the
wavelength is greater than 0,5 m and the periodtgrehan 0,5 s. In the reference
test, the period is 1,2 s and the wavelength is12,Both well above this limit.

The impact of breaking waves on a structure iscééf by surface tension through the
amount of entrained air and the size of the aibltegy A scale effect of 10% has been

34van der Meer and Veldman (1991) [37]
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found. Bullock et al. (2001) found 10% higher imppoessures in the model than in
the prototype for Froude scale factor 1:25 &hd= 0,25m. It is not known what the
effect of this is on the porous flow velocity irethilter layer, but an effect is expected,
probably less pronounced than the effect on theaehBy lack of knowledge, a best
guess is that the effect will also be 10% on thavevheight’' penetrating the filter,
which leads to up to 5% higher velocities.

Density scale effects

If no correction is made to the density of the storno keep the correct relative
density, an estimated scale effect of up to 15% @eecur in breakwater stability,
where the fresh water is only 3% lighter than tak water. Hughes (1993) describes
a correction method, which could be helpful whealiag up for design purposes.

Summary of quantified scale effects

- Viscous effects are expected to cause overestimafi@amage in the model by
the penetrating wave height of up to 10% and by rtteximum porous flow
velocity of up to 5% for the parameters of the refee test.

— Differences in air entrainment of breaking wave® do surface tension effects
can cause overestimation of wave impact valuesovarestimation in the model
of up to 10% for the penetrating wave height andaip% for the porous flow
velocity should be accounted for.

— Density scale effects due to the use of fresh wattead of salt water in the
model can be as much as 15% if no correction isem@tis correction should
therefore be made in the analysis of test resufterma prototype situation with
salt water is used.

The conclusion from the scale effect quantificatisrthat with a good analysis, the
errors of porous flow velocities can be limitedaoout 5%. The effect of this on the
sediment transport and erosion is still not knobuat, is also limited. The analysis

indicates that the test results do not give an thxauantitatively correct result, but

that the errors due to scale effects are limited erefore the tests give at least a
good qualitative picture of the processes at pyp®scales.
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Chapter 5

Test program for hydraulic

variations
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5.1 Parameter adjustments
5.2 Expected relations and parameter variation choi  ces
5.3 Test program
5.4 Measuring techniques

5.5 Test set-up
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Chapter 5 Test program for hydraulic variations

Many possibilities exist to test different parametgations and performance of the

structure under different conditions. In this cleapthe choices are made which tests
to perform. In order to make these choices, first possible adjustments of the

parameters are described, after which the semgitofi the relations between the

varying parameters and the erosion parametersséimmaged. From these relations,

choices for the values of the parameters are made.

In chapter 3, the choice for the research directias been discussed; this chapter
elaborates on the made choice for the investigaifotme stability of the breakwater
configuration as a function of the hydraulic loagliny performing tests in the small
scale wave flume at the fluid mechanics laboratdr@ivil Engineering at TU Delft.

5.1 Parameter adjustments

This section discusses how the different adjust@aemeters can be varied by
different test setups or different types of tests] what the expected effects are. In
essence, the possibilities for further testingdeecribed.

5.1.1 Loading

Reference test to make comparisons with the tgdtkelman
Before performing tests with varying hydraulic loegl a reference test will be done
with for as much as possible the same parametetses in test number 6 from
Uelman. For this test, the wave height was 0,1®@nrdgular waves, the period was
1,2 s, theDsspo was 0,033 m, thBpso was 0,16 mm and thek was 0,15 m. The test set
up is shown on the figure.

Wave gauge

S O s_—glllrrz ___________________________ N -

ock (filter
Sand (core) dy

Xige 1:3= (M

V'S

Figure 5-1 Set-up of the flume tests performed by &man (from Uelman 2006)

The test set-up is chosen to be the same as thg 98t Uelman to make good
comparisons of the results. The set-up will be uised in a later section of this
chapter.

Wave height, period and steepness

The wave height and period in a wave flume candjeséed by different settings of
the wave generator. In the flume, a wave gaugensaasure the wave height and
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period quite accurately. The wave steepness isetitin of the height and period. To
make a distinction between wave height variationd period variations, first the
wave height will be varied, maintaining the sameephess, after which the period
will be varied, maintaining the same wave heigtte Tirst wave height variations
change the magnitude of the same type of waveslattex period variations will
change the wave steepness as well, so it will oalhding type of waves with the same
steepness.

Regular waves or irregular waves

The regularity of the waves can be adjusted byeudfit settings of the wave
generator. In real life, waves are irregular. Thane to represent the real situation as
good as possible, irregular waves would be bettited. However, when testing, one
wants to see connections between loading and sftée& erosion, and for regular
waves, these connections are easier made becaeseffdtts of wave-induced
turbulence and the irregularity of the waves carségarated. The tests by Uelman
were performed with regular waves. It is expectedt trregular waves will show
different behaviour of the structure, because #rgel variation in occurring wave
heights. The maximum wave height is about twice digaificant wave height for a
Jonswap spectrum. To investigate this importarfeisifice, tests will be performed
with irregular waves, and variations in the sigraht wave height and period will be
made. The Jonswap spectrum is representative éostages that are being driven by
wind. As long as wind is the driving force, seaestaesemble this Jonswap spectrum.
Therefore this type of wave distribution is represéive for storm waves, the design
loading for breakwater structures.

Number of waves

To change the number of waves, the duration ofdkecan simply be lengthened in a
wave flume. To see if the erosion pattern stalsliaier a certain number of waves,
some tests will be lengthened until this stabil@atoccurs or until the test shows that
it does not occur within a reasonable number ofesafor other tests, the number of
waves will be chosen such that a typical desigmstvent is represented.

5.1.2 Material properties

Core material

The core material is sand, non-cohesive grainsrange of about 100m to 2 mm.
The variability of theDpsg is therefore limited in order to stay within thiange.
Furthermore, to get all the sand out of a wave @uand replace it takes a lot of work.
The variation of the sand grain sizes is not thetrpoactical solution to vary material
properties.

Filter grain size

The filter grain sizeDsso is easier to change than the core grain size la@gdssible
range is much larger. Former test results indiaag@nificant effect of the filter grain
size on the erosion. The filter grain size will e varied in the tests, as the choice
has been made to vary the hydraulic loading ratiem the material. A filter material
similar to the chosen reference test of Uelmanvallised in the tests.
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Filter material grading

The grading of the filter material can be varieddpplying different sets of material

with different sieve curves. It is expected thavider graded material results in less
erosion of core material. If enough time is avddala widely graded filter material

will be tested to study the influence of the gradin

Relative filter thickness

The (relative) filter thickness can easily be chreth@ a wave flume by applying more
filter material. A clear relation between tmsand the erosion has been found earlier
and is expected to be found again when more testearied out. The filter layer
thickness has not been chosen as a variable irtets. However, when results
indicate that the applied thickness gives too maabsion to study the hydraulic
variation in a good way, a thicker layer will bepipd.

5.1.3 Structure layout

Slope steepness

The slope steepness mainly affects the type of waeaking, and therefore the

loading. A milder slope can result in spilling bkees instead of plunging breakers

and spreads the energy dissipation over a longdardie, probably resulting in a

smaller erosion depth and larger erosion lengthv€my steep slopes the waves do not
break but surge, giving yet another type of loadingthis way the slope steepness
affects the loading, and is therefore chosen agiable parameter in the tests.

Other layout parameters

Other parameters related to the structure laydat the application of a berm or
variations of the crest height have not been chésetudy. The expected influences
are discussed in chapter 3 in the choice of rebadirection.
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5.2 Expected relations and parameter variation choi  ces

The reference test is expected to show resultdasino the test by Uelman with the
same parameters. For the other tests, the expeelsiibns between loading and
erosion are described per varying parameter. Theseash varying values for the
different parameters based on these relationsrasepted per parameter.

5.2.1 Wave height variation

The wave heighH is expected to have a large influence on the @nosKnown
relations: E, the wave energy, is proportional t¢* and in the Van der Meer
equations, (Schiereck, 2001) the damage faStisr proportional toH>. This S is an
area divided by the square of the stone diametaichais not the same as the erosion
area or erosion depth in these tests, but givadesnof what kind of influencel can
have. The expected influencekbion the erosion is in the order of:

- d, 0 H?, the erosion depth will be in the order of theaguroot of an area like
the area ir5, which means a second or third power relationship.
- L OH*, the erosion length is mainly dependent on thedmamn point of the

wave, which increases with the wave height. Folopes steepness of 1:3, the
erosion length would then increase with 1,5 timé® twave height, so

AL =1,5AH*.

- TotalerosiorJared] H, the erosion area is about the depth times thgtHen
Because the sensitivity of the erosion on the waeight, the wave height will be
varied in small steps, fromds = 0,10 m for the first test tds = 0,12 m andHs = 0,14
m for higher waves, and tds = 0,08 m for smaller waves. Féts = 0,14 m, the
erosion depth is expected to be almost twice ashmag forHs = 0,10 m. The
variation of the wave height and period will be damth irregular waves.

5.2.2 Number of waves for equilibrium

It is not sure that an equilibrium situation widwkelop for the design conditions, but if
it does, at least a large number of waves is neatto be reached.

— For armour layers in the Van der Meer equationsiiliegum is reached after
7500 waves. (Schiereck, 2001).

- Uelman’s tests showed a tendency towards equitiriaut after 2400 waves and
even 4600 waves for one of the tests, it was rasthved. For test 6, the reference
test, equilibrium might be reached after about 48@@es, based on the erosion
growth curve.

— The number of waves for equilibrium is expectedéodependent on the loading
H, T,9.

For the reference test, equilibrium is expecteeéra4000 to 7000 waves, based on
erosion growth graphs of Uelman’s tests and ther@bléor this reference test, for the
tests withHs = 0,10 m (irregular waves), for the test wilb= 0,14 m and for the test
with swell waves, the duration will be extendediluaquilibrium occurs or until the
structure deforms too much and does not functiggmame. The number of waves for
the other tests will be 3600, representative fstoam of about 12 hours.
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5.2.3 Wave period variation

A larger wave period gives more time for inflow and especially outflothe flow
can develop further, and has more time to stagienoand to transport grains further
during one period.

- £0T and Rundowri] 2% 5q the rundown and with that the erosion length
depends off, probably to the first orded,, OT*.

— The erosion depth is also influenced Bybut probably less than ky, possibly
with a first order relation or similar.
- For swell, relatively low waves with long periodise results are interesting, but it
is difficult to give a good expectation.
With the wave period variation for a preserved whae@ht ofHs = 0,10 m, the wave
steepness and with thatare varied as well. The erosion is less sensdiveperiod
than on wave height, so a bit larger steps in tageaperiodT, can be taken. To stay
within realistic steepness valud$,= 1,0 s has been chosen as the shortest ave.
1,5 s andT, = 2,0 s are taken for the longer waves apd 1,2 s is tested in the
reference test with irregular waves.

5.2.4 Irregular waves: Jonswap

Irregular waves, waves generated by wind have awap-type spectrum as long as
the wind forcing is still activ€. During a storm waves are generated in this form.
Shallow water or bed forms can influence and defdrenspectrum, but breakwaters
are often loaded by something similar to a Jonssggetrum. Therefore it is chosen
as loading.

- H = 4\/ﬂ andH__ =2H_. The average wave height is not so high (lowen tha

Hs), but much higher waves do occur.

— The development of a bar profile is expected, bobably less pronounced, as
the higher waves damage the bar.

— The process and therefore the growth of the damwdblee more irregular.

- For comparisonts = 0,10 m, =Hreference requiar aNd T, = 1,2 s have been chosen
for a first test to compare the irregularity of thaves with the reference test.
Other variations ofs are described above.

5.2.5 Swell waves

Swell is the result of waves that are generated sgtorm that has ceased or that is
further away. The waves are transformed to moralaegvaves with relatively low
wave heights, but with long periods. It can bedh#/ form of waves on a calm day,
or be superimposed on locally forced waves.

— Proposed here is to do the tests with regular wavis wave height and period
typical for swell, to see the effect of this longrjpd on the erosion.

— It is expected that the relatively low wave heightes low gradients, but that the
long period gives a lot of time for the porous flaav develop and to start the
transport of sand grains.

- With the very open filter Brso/Doso Of about 200), the critical gradient for the
initiation of transport is very low and will problgbbe exceeded by the swell
waves, resulting in a slow but steady transpore @mount of erosion is hard to
predict.

35 Holthuijsen (2005) [24]
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— The parameters are chosen based on the Froude wtedd gives a possible
prototype wave height of 10 m and period of 12 rstfe reference test. If for
swellHpr = 5 m andT,, = 30 s is chosen, this would resultHn= 0,05 m and =
3,0 s with the same scale factor.

5.2.6 Grading variation

It is expected that thBys5 is the characteristic size for the performanceheffilter,
determining the constriction size that occurs ragulthroughout the filter layer. It is
expected that filter layers with the samgs show a similar erosion pattern. In the
tests it is tried to keep tHerso constant at 33 mm, varying the rabdgs/Ds 5 to about
5.

Table 5-1 grain sizes grading variation

Ds15 (mm) D50 (mm) Dsgs (mm) Dsgs/Dr15
Reference 27.7 33 35.8 1.3
Wide 10 33 50 5

It is expected that the wide grading will give lesssion than the narrow grading with

the sameDswo. The smaller stoned(ss) in the wide grading are smaller than in the
narrow grading and are expected to decrease thentpaside the filter and increase

the resistance for sand grains through the filiéwe larger stones can provide more
stability against wave attack given that the lagehick enough for the large stones to
be present throughout the whole surface. Constgi¢dhe wide graded material can
be a problem, as probably three different standeadings are to be combined to get
the wide grading.

5.2.7 Slope steepness variation

& Otana , the breaker type depends on the slope steepresbange the waves with
H = 0,10 m andl = 1,2 s from plunging into fully spilling or surgy waves with the
variation of the slope is not feasible, becausdaHat end a slope of respectively 1:20
and 1:1 are needed. A slope steepness of 1:2 aharé: more realistic and will
therefore be tested.
- From 1:3 to 1:4, the gentler slope is expectedtoeiase., with a factor’/s, and
to decrease thds with possibly a factof/s, but probably a bit higher reduction
because of the wave breaking change.
- From 1:3 to 1:2, the steeper slope is expectecetoedsé , with a factor’/s, and
to increase thels with possibly a factof/z, but probably a bit more, because the
influence of gravity on erosion increases whensibpe gets steeper.

5.2.8 Tidal water level variation

Although not included in the proposed tests, tiiecefof tidal water level variations
would be the next parameter of interest, as ixeeted to have a large influence on
the formation of a bar profile. The attack levekloé¢ waves moves up and down with
the water level, attacking a bar that was formeth i higher or lower water level.
The question is if this gives a much higher erosiototal, as the bar profile for high
water levels has to be formed by newly eroded saaly time, and is eroded partly
during the low water level loading. On the othendhathe design conditions occur
only during a limited amount of time, a storm o§.e12 hours, which is about one
tidal period. For the design conditions, the depeient of equilibrium is not strictly
necessary as long as the duration is not too Idhg.scaling of the tidal period and
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amplitude is a problem, a time scale factor of @@ a length scale factor of 100 is
used for the swell, and for a period of 12 hoursri2d, and an amplitude of 2 m (4 m
variation), a tide in the flume with a period of #nutes and amplitude of 0,02 m
could be used. This amplitude seems very smaklation to the waterdepth of 0,48
m in the wave flume at the toe of the structure.
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5.3 Test program

The variation of parameters is translated into tess$, with a unique combination of
parameters for each test. The tests are displayda@ble 5-2. A total number of 12
tests is composed in this way. It is possible tred or two test runs are needed before
the reference test gives good results and accorintipe results of the tests, the
program can be adjusted or extended. In totalntimaber of test runs might be 15
instead of 12 for these reasons.

Table 5-2 Test program

Test Parameters H T 4 regularity N Df85/Df15 tan alpha
Number Variations m S - reglirreg. - - -

Reference 1,58 7200 d 0,33
2 Irregular waves 0,10 1,20 1,58 irreg-jonswap 7200 18 0,33
3 Varying H 0,08 1,07 1,57 irreg-jonswap 3600 1,8 0,33
4 and N 0,12 1,31 1,57 irreg-jonswap 3600 1,8 0,33
5 0,14 1,42 1,58 irreg-jonswap 7200 1,8 0,33
6 Varying ¢ by varying T 0,10 1,00 1,32 irreg-jonswap 3600 18 0,33
7 0,10 1,50 1,97 irreg-jonswap 3600 18 0,33
8 0,10 2,00 2,63 irreg-jonswap 3600 18 0,33
9 Swell waves 0,05 3,00 5,58 regular 9600 1,8 0,33
10 Grading variation 0,10 1,20 1,58 irreg-jonswap 3600 50 0,33
11 tan alpha 0,10 1,20 1,19 irreg-jonswap 3600 1,8 0,25
12 variation 0,10 1,20 2,37 irreg-jonswap 3600 1,8 0,50

Reference test with regular waves

As a reference test, test number 6 of Uelman waser, wher@; = 150 mm Dsso =

33 mm, sam = 4,5. Test number 6 has results in the middinefrange of tests. The
result of the reference test will be compared whidt of Uelman, to be able to link the
datasets. After this, the test will be repeatedh witegular waves and then parameters
will be varied one by one, to see the influencéhat single parameter.

Different filter material for practical reasons

For practical reasons, not the exact same mataiabe used. The grading withso

= 33 mm anDs/Dis = 1,3 is not available from suppliers and old mate are not
kept in the fluid mechanics lab. It is possiblectdlect the right material from a larger
grading, but then at least 4000 kg of stones havetsorted by hand as two third of
that grading is too large and has to be excludedolld have to be done by hand
because a sieve installation is not available atlaéib. For the reasons that the tests
have the purpose of studying the phenomena of sapglon through an open filter
rather than being stability tests for a specifisige, and that a slightly smaller
grading still fits within the range of the formessts, a smaller grading has been
decided to work with. This material is limestonghna standard 22/40 mm grading,
with: Dssp = 26 mm,Digs = 29 mm andsus = 22 mm. The grading paramei®gs/Drs
thus becomes 1,3, the same as for Uelman’s gradeigtively narrow for the
practical standard used gradings in coastal defammcks. This filter material will be
used in all the tests, except the test with widgtpded material, for which a
combination of different available sizes will haweebe made.

Reference test with irregular waves

The reference test with irregular waves is veryilginto the first test, but this time,
irregular waves load the structure. The breakwsétrup and geometry is the same.
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The waves are irregular according to the well knodamswap spectrum for the
distribution of the energy density. The significavave heigh#Hs and the peak period
Ty, are used to identify the spectrum. For the refeedrst with irregular wavesls is
the same all andT,is the same &8 for the reference test with regular waves.

Wave height variations

The wave height is varied in small steps, frbig= 0,08 mHs = 0,12 m, toHs = 0,14

m, whereHs = 0,10 m is tested in the reference test. The wsgepness is kept
constant, which means that the wave period changleshe height, fromr, = 1,07 to
1,31 to 1.42 s¢ = 1,58 for these combination$is not the wave steepness itself, but
because the slope steepness is not varied witbgettests, it can be used as such.

Wave period variations

The wave period is varied in larger steps tharvtbee height, because the erosion is
expected to be less sensitive to the period thahnedeight. Values off, = 1,0 s;Tp =

1,5 s andl, = 2,0 s have been chosen as variation on theerefertest witff, = 1,2 s.
The values of vary from 1,32 foif, = 1,0 s to 1,63 fof, = 2,0 s. The wave height is
kept constant in these tests.

Swell waves

A test with waves that are representative for swetiditions will be performed. This
test will be done with regular waves instead oégular waves with a Jonswap
spectrum because swell waves are very regular dfityeand because the regular
waves can give much insight in the occurring preessA wave height of 0,05 m and
a period of 3,0 s have been chosen to represesttbiéwaves. The number of waves
after which equilibrium occurs is expected to bgda than for the reference test, a
first estimate is to ldi be 9600, four times the number used in the fortess.

Grading variation

A wide grading ofDsss/Dsis = 5 has been chosen to test in order to investita
influence of a wider grading on the erosion pattdimis material with th®so = 26
mm, the same as for the reference test, will bepos®d of the filter material and a
smaller and a larger graded material. After mixofgthe available materials, a
grading withDsgs/Dr15 = 3 was found to be feasible and has been usia itests.

Slope steepness variations

Slope steepness of 1:2 (tar 0,5) and 1:4 (tan= 0,25) have been chosen to vary
from the steepness of 1:3 in the reference test. Wave height and period are the
same as for the reference test, which resultsviargation of the Iribarren parameter

from ¢ =2,37 for tama = 0,5 to¢ =1,19 for tam = 0,25. The slope steepness will be
varied after the other tests have been performeduse the whole sand slope has to
be adjusted for it, being a lot of work and to loae€ as little as possible.
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5.4 Measuring techniques

In order to get results from tests, the parametératerest have to be measured in
some way. Some techniques are discussed below.

5.4.1 Transport and erosion

Transport

Techniques exist to measure sediment transportesar evater flow, but things get

complicated when the transport inside a poroustira is to be measured. The filter
stones are obstructing the view of e.g. a lasergpdevice. Visual observations
through the glass sidewall of a flume or tunnekgiualitative results, but no absolute
guantitative values. Besides, the wall-effect, fldewviations near the side walls, will

distort the process. The wall effect is expected toobe very large, from visual

observation during the former tests. A possibiliy to measure the erosion
periodically to get the time-averaged net transport

Erosion

Erosion measurements in a wave flume are diffi¢oit two reasons: the above
mentioned wall-effect distorts measurements throtigh side wall, and when one
tries to remove the filter stones to measure timel gaofile, the sand profile is easily
disturbed by the removal of the stones. The idea igery gently remove stones after
a test, to judge the importance of the wall-effeahd validate the side wall
measurements with that.

Visual observation with a digital photo camera

A digital camera placed on a tripod next to thenfltumakes pictures of the internal
slope of the core material, in essence of the fiaterbetween core and filter layer.
The deformation of this slope displays the erosibicore material through the filter
layer. After every 300 waves a photo will be takensooner when during the test the
erosion grows very fast. These photos will be pssed into a graph with x.y
coordinates of the internal sand slope. From tlygeaphs, the erosion depth, erosion
length and erosion surface can be determined. Fn@se results, an erosion growth
curve in time can be constructed for each test.

Photos from two sides

Due to asymmetry of the breakwater setup or impéde of the incoming waves, a
difference might occur over the width of the flunl@ see this difference, photos
from both sides can be taken and be compared. Wheerdifference is large, the
validity of the tests and the measurements hag jadped.

Visual observation with a video camera

The process of erosion of core material by the wasan be recorded with a video
camera. From these images, little quantitativerimftion can be determined, but they
give insight in the processes and the possibitityeview the process after the tests
have been performed. The relative amount of tramsyan be measured and the type
of transport can be determined from video images.
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Polystyrene balls to measure the wall effect

A possibility to measure the importance of the vedfect is to put small expanded-
polystyrene (EPS) balls inside the core layer depth that will come to the surface
due to the erosion. A row over the width of therfls with differently coloured balls
at the area where considerable erosion is expeatederve this goal. The balls have
to be small enough to easily travel through thterfilayer. When the erosion depth at
the location of the ball is reached, the ball vldlat up through the filter layer and
become visible in the water column. The differemcéime between the appearances
of the different balls is a measure for the wafkef, for the difference in erosion
growth.

5.4.2 Loading

Wave measuring

Waves can be measured with a wave gauge. Plack abe of the breakwater, it

measures the height of the waves the moment thieye @t the breakwater. These are
the waves loading the structure. The surface etavatersus time is the output of a
standard wave gauge. Placed in series of threeimsnts, the reflection of the waves
at the breakwater can be calculated from the eshffpecially when irregular waves
are used in the tests, it is important to know wthatreflection is, because it did not
load the structure and does turn up in the wavg@awtput.

Porous flow

The porous flow is difficult to measure as devieesily affect the flow itself. The
best option seems to put a pressure meter in série dilter stones or in the pores,
positioned at important places in the filter lay@he question remains what is
measured exactly in this way, a pressure fluctnatibthe surface of a filter stone.
This is not the velocity in the middle of a pordheTmost valuable information will
probably be the pressure fluctuations rather tharabsolute values.
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5.5 Test set-up

The basic setup of the tests is shown in Figure Gf2the far right the wave maker is
visible, an electronic wave machine with an eleelly driven wave board and
automatic reflection compensation. Despite theeotthn compensation, some

reflection can still occur and waves that are m#ld by the breakwater pass the wave

gauges before they reach the wave board and ilefbre have to be filtered out of
the time series recorded by the wave gauges. Tableeto do that, three wave gauges
are positioned close to each other. The combined tseries will be analysed
afterwards and reflection will be excluded in ortierget the wave properties of the
waves that actually loaded the structure. The wgaeges are placed close to the
structure to measure the waves that attack thetatey after possible deformation by

the 1:30 slope in front of it.

/—Waterline

/— Wave board

Filter layer W.
[ Core !/— ave gauges
=l il

N4

40

[

=

850

1780

Figure 5-2 Test setup in the wave flume (dimensions cm)

A solid slope with a steepness of 1:30 is presenté flume (hatched in Figure 5-2).
It begins 8,50 m from the mid-position of the waweard and ascends from there.
9,30 m from the beginning of this slope and 17,80rom the wave board, a solid
board is placed vertically in the flume, blockingetentire cross-section. The sand
slope is constructed against this board and theestof the filter layer are placed on

the sand slope.

5.5.1 Setup of the reference test

Fixed board Filter Df50 = 26 mm
Slope = 1:3

/ Wave gauges

230cm

53 cm

Figure 5-3 Setup of the reference test

The setup of the reference test is shown in motailde

Figure 5-3. For this test, the steepness of thpesis 1:3, or in other words tarr
0,33. The thickness of the filter layer is 15 cnithwa grading of rock with ®;so of
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24,5 mm. The core material is sand, witDgso of 0,17 mm, or 17Qm. This test
setup is representative for most of the tests; de$ts 10, 11 and 12 of the test
program differ from this. In tests 10 and 11 diffiet slope steepness is used and in
test 12 a different grading of the filter mateigatsed.

5.5.2 Measurement devices

For the measurements different devices are usetk gauges to measure the surface
elevation, photo cameras to measure the erosioiilepad the internal sand slope, a
video camera to study the transport mechanism wd $larough the filter layer and
polystyrene balls to study the importance of thdl wHect in the erosion of core
material.

Wave gauges

The used wave gauges are standard wave gauges witindard accuracy of 99,5%.
The gauges measure the electrical resistance thromg wires that are put in the

water. The water surface connects the electric;labe higher the water level, the
lower the resistance. At the bottom end of the syi@nother electrode performs a
reference measurement under water to compensatdifferences in the electrical

resistance caused by differences in for instaneel#nsity, temperature or salinity of
the water.

Digital photo camera

The used camera is a digital camera with a resolutf 6 Megapixel, with autofocus
and manual setting possibilities. The pictures teen without flash to avoid

reflection in the glass side wall of the flume. Tiesulting pictures give an accurate
view at a small scale; the sand contour is cleasliple when zoomed-in.

Video camera

The used video camera provides moving images ofwhee breaking and sand
transport. For each test, overview takes and zoaméakes are filmed. The results
are digitalised with Windows Movie Maker, providifigns and snap shots. The snap
shots have a lower resolution than the photosshilitgive an accurate picture on a
small scale.

Polystyrene balls

The expanded-polystyrene balls have to be ablé thrbugh the pores of the filter
layer and float up to the surface. The material ikt because of its low density and
the size will have to be considerably smaller ttiem porosityns times theDs5 of the
filter material, which is 0,42 x 22 = 9,3 mm. Ballsth a diameter of 2 to 3 mm are
used in the tests.
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Figure 5-4 Setup of the wave flume with measuremenevices

/— Wave board
14

/—Waterline

[ Wave gauges

T

Filter layer

0T

830

1730

Side view

_—Photo camera

|
L

08

/—Wave gauges

Top view

I'T

Video camera—__ _—Photo camera
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5.5.3 Measurement
setup

The setup of measurement
devices is shown in Figure

5-4. The wave gauges are
placed close to the breakwater
in order to measure the waves
that actually load the structure
and the cameras are placed on
both sides of the flume to

measure the side view of the
internal sand slope Iin the

breakwater.
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5.5.4 Granular materials
For the core and the filter, granular materialsieed.

Core material: sand

The core material is sand S80 quartz-sand witlidh@wving properties:
Dbso = 180um, Dp1s = 140pm andDpgs = 230um. The density ip = 2650 kg/ni. The
sieve curve is shown in Figure 5-5.

Sand S80

100
90
80
70 /
60
50
40 /
30 4
20

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4

Percent by weight smaller

Sieve diameter of fragment (mm)

Figure 5-5 Sieve curve of the used sand S80

Filter material: quarry stone

The filter material is quarry stone of the standgralding 22/40 mm. the properties of
this grading are:

Diso = 26 mm Dis = 22 mm andDsgs = 29 mm. The density js= 2650 kg/ni and the
porosity isn = 0,42. The sieve curve is shown in Figure 5-6.

Yellow Sun 22-40 mm

100 —
90 e
80 7
70
60
50

40

30 ,a’j

20 /’

10 ™ ad
0 )

Percent by weight smaller

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Sieve diameter of rock fragment (mm)

Figure 5-6 Sieve curve of the used filter material
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Filter material with wide grading: combination oéj§ow sun and larger stones

The wide grading filter material is a combinatidrawailable gradings. The properties
of this grading are:

Dtso = 26 mm,Ds15 = 16 mm anigs = 48 mm.Drgs/Diis = 3. The density ip = 2710
kg/m® and the porosity is = 0,37. The sieve curve is shown in Figure 5-7.

Wide grading

100 —

—
80
70 A

60 4
50 Faad

40 7
30 /I

20

10

Percent by weight smaller

5 10 15 20 25 30 35 40 45 50 55 60
Sieve diameter of rock fragment (mm)

Figure 5-7 Sieve curve of the used filter material

Figure 5-8 samples of the standard filter gradingléft) and wide grading (right)
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5.5.5 Placement of the core and filter

The sand is dropped into place from a level atdlpeside of the flume. To construct a
straight 1:3 sand slope, a structure with two beants a plate that rolls underneath
these beams is used, see Figure 5-9. The plathatiao the rollers is pushed up
along the beams over the sand slope, straightéhengurface of the sand. The sand is
not removed between the tests, but the top layemised and the surface is
straightened again before each test.

P

Sand core

230 cm

%,‘/ Rolling sand straightening structure

/
4 Two beams

1:30 slope

Figure 5-9 Sand profiling structure

The filter stones are dropped manually onto thel Seom the level of the waterline.
For the first test, the placement of core andrfitdl be done in the dry flume, but for
the other tests the replacement of the sand ameéstwill be done in the flume filled
with water, because the water is too turbid aftex tests to flow into the general
laboratory reservoir system. All the wave flumdswiflumes and the wave basin are
connected to this system. The system water haantain clean and the water in these
tests becomes too turbid for this because of dmaaitions of fines from the sand and
eroded dust from the stones. If necessary the wsatetr out into the sewer system.
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Test results and observations
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6.1 Results of test 10

6.2 Observations
6.3 Results of all the tests

6.4 Validity of the tests
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Chapter 6 Test results and observations

In this chapter the results of the tests are pteserFirst the results of test 10 are
shown with explanation of the photos and graphgrasented. Then the detailed
gualitative observations of test 10 and less dmtadbservations of other tests are
described, after which the results of all the tests shown in the same form. Test
number 10 has been described in detail becausev#ter movement and sand
transport were clearly visible in this test witHatevely long wave periods. During

testing extra tests have been added to the progrmshown in Table 6-2 on page 98.

6.1 Results of test 10

Test number 10
Type of waves Jonswap
Hs,input 10 cm
Hs,measured 9!7 cm
Tp,input 2!0 S
Tp,measured 1 !96 S

& 2,62

Lo 6,0 m
Duration 90 min
N 2755

ok 15 cm
Dsso 25 mm
Drg/Dr1s 13

Dbso 180 um
m 6

tam 0,33

Figure 6-1 setup of test 10 at the start

Test 10 was done with irregular waves with the redrmave height of Hs = 10 cm,
and with a relatively long period of Tp = 2,0 s.eTstructure layout was the same as
for the reference tests and the hydraulic variatitests. Test 10 is the test with the
longest period within the period variation testieer The longer period gives the
waves much more power to run up and down the dloge shorter periods. The run-
up level is much higher than in the reference vatlt a period of 1,2 s. The flow
velocities through the filter seemed to be muchhéigand the sand transport intensity
larger than in the reference test. Figure 6-2 shibwsun-up and rundown of a large
wave and Figure 6-3 shows the erosion growth duttiegtest in a series of photos.
The sand transport is described in detail in sedi@, observations.

Figure 6-2 run-up (left) and rundown (right) of a large wave in test 10
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After 10 minutes After 90 minutes

Figure 6-3 photo series of test 10

Before the start, the sand is levelled smoothlytlos 1:3 slope and the stones are
gently dropped onto it. After 5 minutes of waveaak, a thin erosion area and a bit
larger accretion are visible already, but more prorted after 10 minutes. After 30
minutes the erosion area is clearly visible ovdorag erosion length and after 60
minutes only the erosion depth and accretion helighte increased considerably.
After 90 minutes, the erosion depth and accretieigtit have grown only a little bit,
the amount of erosion decreasing in time. In thit part of the test, the erosion depth
grows slowly but steady over the whole erosion ,aaed the accretion area is mostly
extended downward, sand is deposited lower onltipesThe accretion height grows
only very slow at this stage. After 90 minutes, #toeretion height is more théaf of
the filter thickness and sand is leaving the filtehigh waves. The test was stopped
here.
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Extracted graphs of the sand and filter slope

In Figure 6-4, the graph is shown that indicates ldvel of the sand slope (lower
lines) and of the filter slope (higher lines). Buéine represents the slope after certain
duration in the test, from the start up to 90 masutThe slopes are in mirror image
compared to the photos because the toe of thesdapd has been defined xas 0,
progressing up the slope. The graphs have beenrgotesl from the photos shown in
Figure 6-3 with the software Getdata, which enalxgsvalue extraction from an
imported picture. The-y-values were imported in Excel to analyse, caleu&bsion
parameters, compare tests and plot the result$est & one figure.

Test 10 Hs =10 cm, Tp = 2,00 s, varying T

100

) // /

70

" e M
/

50

Y-value, from start of sand slope (cm)

40 &

30 T T T T T T T T T T
40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
X-value, from start of sand slope (cm)

— Waterline T Sand start Sand 5min T Sand 30min — Sand 60min — Sand 90min — Filter start Filter 90min

Figure 6-4 graph of the sand slope and filter slopef test 10

Erosion of the sand

It is visible in the figure that the erosion pattes already present after 5 minutes,
gradually expanding from there. Most of the erosaod accretion occur in the first 30
minutes of the test, the rate of erosion decreasasiderably after 30 minutes. The
area below the waterline shows the most erosiooyelthe waterline a less deep
erosion area occurs. Around the waterline lessi@ras visible. At the downward end
of the erosion area, a part of about 15 cm staiively stable, with very little
erosion. The point where the accretion area sisg$able throughout the whole test.
This point has been found in all the tests.

Settling of the filter layer

If the sand is washed away from under the filtgetastones, the stones settle and go
down with the sand slope. This is visible in Figérd; above the whole erosion area,
the filter layer has settled after 90 minutes. $kdlement of the filter layer is more
spread-out over the erosion area, with less diffege between maximum and
minimum erosion depth. It is also visible that fliter stones are not lifted up by the
sand in the accretion area; the sand clearly satilbetween the stones, in the pores.
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Growth of the erosion- and accretion area

The surfaces of the total erosion- and accreti@a drave been calculated and are
shown in Figure 6-5 at the different points in tifiée figure shows how the areas
grow in time and the relation between erosion aoctedion. Both grow fast in the
beginning of the test, the growth rate decreasimtinae progresses. After 90 minutes,
although the trend seems to go towards equilibrinmmsteady equilibrium state has
developed; the erosion process is still going dre Jurface of the erosion area should
be about 42% of the surface of the accretion asdhe eroded sand is deposited in
the pores between the stones that occupy aboutd#e volume. This is not exactly
the case, the accretion area seems too small.eBsem for this is that the glass of the
flume is only 1,5 m wide, after which a pole isdé&d. Behind this pole a part of the
accretion area is invisible and not taken into aotdere. In the next chapter this will
be treated further and the total accretion ared kel calculated to get a solid
comparison. Researchers experience is that erasidraccretion areas never balance
in the physical tests (e.g. experience of ir. GitBm

Erosion area growth test 10

400
350 //-
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250 //

200 /
150 /

100 //
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Erosion/ Accretion (cm”2)

0 10 20 30 40 50 60 70 80 90 100
Time (min)

|+ erosion area —®— accretion areal

Figure 6-5 erosion- and accretion area growth of & 10

Remarkable in Figure 6-5 is that the erosion greety fast in the beginning of the
test and grows slower and slower as time progressi#sr 5 minutes, already a
significant amount of erosion can be seen, mora &6 of the total erosion in 90
minutes, in only 6% of the time. After 90 minutes, equilibrium has been reached;
the erosion is still going on. The test was stoplp@dever, because the accretion area
almost reached the top of the filter layer, somepsuded sand was already
transported out of the filter layer and an equilibr situation was not to be expected.

Polystyrene (EPS) balls

The EPS balls that were put inside the core inraa avhere erosion was expected
turned out to stick to the filter stones. Hardly af the balls floated up through the
filter and became visible. No valuable informatmsulted from this technique.
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6.2 Observations

This section gives descriptions of the visual obsgons during the tests. These
observations give a qualitative view on the difféarprocesses and mechanisms that
occur during the different tests. Quantitative @gadions in these observations are only
relative indications, comparisons with other tesis,with for instance smaller or
larger waves within the same test. Test 10 is dwsdrin great detail as it is a test
suited for this. The relatively long wave periog € 2,0 s) makes that the processes
are better visible than in other tests. Observatioh tests 13, 14, 15 and 16 are
described more briefly to illustrate the differeac@ water motion and transport,
occurring in these tests with respectively very laaves, very high waves, swell-
waves and a gentler slope. Analysis of the results observations is done in the next
chapter.

6.2.1 Water motion

Waves are generated by the wave board and trakx@liidh the flume towards the
breakwater setup. During the passage from the Wwawaed to the structure no changes
in the wave shape or height are visible with the. &/hen the waves reach the outside
of the structure, they feel the toe of the slopd atart to break. Throughout the
different tests, different types of waves with vagy heights and periods have been
used, making the type of breaking different. Mosed waves have values of the
breaker parameter aroudd= 1,6 and therefore break in a plunging way asetqu.
The longer, less steep waves of the tests for steelhot break but surge over the
filter slope and the relatively long waves of td€ are at the transition between
surging and collapsing breaker types. All the norels waves break on the filter
layer, generating a lot of turbulence and air entnent on the outside of the filter
layer.

Figure 6-6 three stages of a breaking wave in te$t

Internal wave

However, on the interface between filter and ctine, sand slope, the waves do not
break at all. Here the wave just runs up and ddwensiand slope. The amplitude of
this internal wave is much smaller than that of éixéernal wave that drives it, while
the period is the same. The internal wave has &eleg in comparison with the
external wave with a magnitude depending on thesvednaracteristics.

Disconnection

A disconnection has been observed between the wattce outside and inside the
filter. As mentioned above, the internal wave hgshase lag to the external wave,
occurring over the whole thickness of the filtet. tAe interface of the outside of the
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filter, this leads to a disconnected water surf&mctically this is visual as a very
sharp gradient between the outside of the filtet tre inside. When for instance the
external wave is at its lowest point and the irdémave still high, a part of the leap
in water surface is overcome by a thin water Igyst over the filter and a part by a
sharp gradient just inside the filter. The intermaker level has a less steep gradient
through the whole filter layer, which is necesstmythe internal wave to follow the
movement of the outside water level.

Internal setup

The mean water level inside the filter is highearthoutside the filter. This
phenomenon is called internal setup and is atetbud the fact that during the wave
run-up, a thicker layer of water flows on the odésiof the filter layer than during
rundown, which means that during rundown more whagasrto flow through the filter;
therefore the velocity needs to be higher and whtit the resistance increases. A
higher water level in the filter develops to prawithe extra pressure gradient that the
water needs to overcome the higher resistancerd-igt6 shows the thicker water
layer when the wave runs up the slope (left anddimigicture) and the much thinner
water layer when the wave is running down (righdtymie). When the wave front is
breaking on the outside of the filter (left pictyréne water through a large part of the
filter is still running down. The porous flow close the sand slope uses a longer part
of the period for the rundown than for the run-up,to % of the period. The down-
running porous flow has time to develop and aca&derbeing able to transport a lot
of sand downward. Transport is described in detakctions 6.2.3 and 6.2.4.

6.2.2 Stability of the filter layer

The stones of the filter layer havédao of 26 mm and a nominal diameft@gso of 22
mm, and they are attacked directly by the wavesoAding to the van der Meer
equations and using the parameters of the refermsteor irregular waves, test 4,
these stones will become unstable witkrexceeds 8 cm. The tests, however, show
no considerable instability of stones for test feve the measureds was 9,0 cm.
Some stones moved a little bit into a more staldsitpn and some stones kept
wiggling during the test, but no real damage oamlrin test 6 wittHs = 11,0 cm,
some stones began to roll during the test. Theestavere not completely stable in
this test, but the filter layer as a whole waswashed away and the thickness did not
decrease considerably. Individual stones were rexhazausing only a very local
slightly thinner spot. For tests 7 and 14, with= 13,0 cm and 14,8 cm respectively
and for test 10 withHs = 9,7 cm bufl, = 1,96 s, a thin wire mesh was placed over the
filter layer and anchored in the sand, at the piabere the waves break. This wire
mesh was meant to keep the stones in place to tkeefhickness of the filter layer
constant during the tests. This worked well. Inth# other tests, no extra measures
were necessary, hardly any displacement of fitiemes occurred.

6.2.3 Transport of sand, two mechanisms

Sand, the core material, is transported over tinel séope, through the pores of the
filter layer during the tests. Most of the sandystaithin the filter layer, only a small
amount leaves the filter when the waves are highugh. The sand is redistributed
over the slope by the effects of the waves. Twadpart mechanisms have been
observed during the tests: bedload transport aspesuled-load transport.
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Bedload sand transport

When the internal wave runs down over the sandeslbpdload sand transport can be
observed. A thin layer of sand up to a few graimskttravels over the sand slope in
downward direction. The amount of bedload transpareases when the steepness of
the slope increases locally and also when the heigtihe period of the down-running
wave increases. For waves with smaller heights #teut 4 to 5 cm (of the external
wave), no transport is visible.

Suspended-load sand transport

Both during run-up and run-down of the internal esyv suspended-load sand
transport can be observed, provided that the wake$arge enough. A cloud of sand
is picked up by the water motion caused by the vwama travels with the wave. For
average waves this cloud of sand can be up to higm travelling just over the sand
slope. For higher waves the height of the cloudeiases and for the highest waves a
cloud (with low concentration) can even reach thésiole of the filter layer at some
places during some tests. This happens in tedtslavije waves like tests 7, 14, 9 and
10. Above the area where the accretion area ihitfteest, the suspended sand cloud
reaches the top of the filter layer and sand isifgpthe filter towards the water
column. In tests with lower waves, this phenomeisonot clearly visible; if some
sand is leaving the filter in these tests, it caly e a small amount.

Figure 6-7 suspended-load sand transport during wavrun-up (left) and rundown (right)

When a wave is running up, the cloud of sand téadaove under an upward angle,
rather than parallel to the sand slope. The duratiothis is short, about a quarter of
the total wave period or even less. When a wavensing down, the suspended sand
from the up-running wave, or newly picked up san@ eombination of both, moves
down with the water flow over the sand slope. Td@ud of sand does move parallel
to the sand slope, and it stays close to the sldgher waves cause a higher cloud of
sand. The concentration of sand is high closeds#nd slope and decreases higher in
the cloud. A sequence of larger waves increasearttmint of sand in suspension and
the height of the sand cloud. In this case, thel siares not seem to have time to settle
and stays in suspension in the next wave, whiah @itks up new sand.

6.2.4 Observations test 10, Hs=10cm, T, =2,00s

The observations of test 10 are described in citetail per distinctive point in the
erosion-profile. The waves were distributed acaggdio the Jonswap spectrum,
meaning that different waves have different sizeshe description, a distinction is
made between large and small waves from this spectThe large waves have
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heights in the order dfls, whereas the small waves have heights of aboittHnmez
value. Test 10 was done with long waves with adatm-up and run-down. The long
period gives the flow over the sand interface titnedevelop and to transport a
relatively large amount of sediment per wave.

Point A

Figure 6-8 sketch of the erosion pattern after testO with point definitions

Point A, highest erosion point

Point A is the highest part of the slope where iero®ccurs. It is the point up to
where the wave runs up.

— The wave runs up quickly, stirring up a thin lapérsediment. This sediment is
transported up as a suspended load, settling ag#we end of the wave run-up.

— During the wave run-down, which lasts longer thia@ tun-up, the flow over the
sand-interface has time to develop and accelenatése. This downward flow
picks up sediment and transports it to a lower pdrthe slope. First some
bedload transport can be observed, a thin layer f&w grains thick slides and
bounces downward over the sand slope, and a éit lahen the flow velocity has
increased, also suspended-load transport can berveldls The suspended-load
transport can transport a layer of sediment ofaarfen high downward with high
velocities, leading to a relatively large amountrafisport.

- It is to be noted that no cliff-erosion is visib&e sharp steep edge in the erosion
pattern undermined by the up-running waves as ge&ests with regular waves,
is not present. The reason for this can be theutegity of the waves. The
different waves have different run-up levels andrétfiore the highest point of
erosion is smoothed over a larger part of the skbhya@ in the case of regular
waves, where all the waves reach the same runvepaded attack the slope at the
same point.

During both run-up and run-down transport is obsénbut during run-down a bit
more than during run-up, resulting in a slow nesern of the area around point A.
Point A marks the highest point of the erosion aed shifts higher up the slope as
the test progresses.

Point B, waterline SWL

Point B is the point at the sand slope where thlensiter level (SWL) crosses the
slope. The wave runs up above this point and remsdoelow this point.
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— Small wave running up: a little bit of suspendededdransport is visible, a thin
cloud of stirred up sediment is moved up a shatiagice in a short time span.

— Small wave running down: some bedload transportiggle. The amount of
transport is not large, but more sediment is trangd than during run-up,
because of a slightly higher intensity and a lordyemation.

— Large wave running up: a large amount of susperaaditransport is visible; a
cloud of sediment is stirred up and moves up Withwave in a short time span.

- Large wave running down: a large amount of sedimentransported as a
combination of bedload and suspended-load. The spsn of this transport is
considerably larger than that of the run-up tramispo

At point B, more sediment is transported duringrine-down than during the run-up
of the wave. However, the sand slope itself searsetmore or less in equilibrium,
only a very small amount of erosion is visible. Thigher downward transport is
mostly caused by sediment that is eroded from tea hetween point A and B and
passes point B in downward direction.

Point B does not shift up or down the slope as defined as the intersection of the
still water level and the (eroded) sand slope. By ahifts horizontally with the
erosion of the sand.

Point C, maximum erosion point

Point C is at the location on the sand slope whiegedepth of the erosion area has its
maximum. This point is always submerged; the irdbwaves do not run down below
this point.
— Small wave running up: a little bit of sedimentssrred up, but hardly any
transport is visible.
— Small wave running down: a moderate amount of lsllbansport is visible
during the run-down, in combination with a littlé bf suspended-load transport.
— Large wave running up: a moderate amount of susggkfahd transport is visible.
— Large wave running down: a large amount of suspehoked transport is visible
during a relatively long time span.
At point C, a steady but ongoing erosion of thedsiarvisible, and sand is also passed
on from higher up the slope to lower down the slopee amount of transport in
downward direction during run-down of the wave @nsiderably larger than the
amount of transport in upward direction during wm-

A sequence of larger waves, a number of larger svdobowing-up on each other,
increase the downward erosion, probably due tditpeer internal set-up in the filter
layer which grows in a sequence of larger wavesisuath important driving force for
the downward water flow through the filter layerenthe sand slope.

The location of point C on the slope does not ckangch. It tends to shift down a bit
towards point D as the test progresses; the maximasion depth first occurs about
halfway between B and D and shifts down towardsWwetrds the end of the test.

Point D, transition from erosion to accretion

Point D is the point on the sand slope where tlgsien area ends and the accretion
area begins. At this point the net erosion is zeamd is only passed on. In the tests
with regular waves this point is clearly visible ase single point where the

instantaneous sand slope line crosses the origaral slope line from the start of the
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test, but in the tests with irregular waves thisnp® is more like an area with a
length of some 10 cm (about 15 cm in test 10), avieich the instantaneous sand
slope is more or less at the same level as th@éaftigand slope.

— Small wave running up: no transport is visible.

— Small wave running down: a little bit of bedloadrtsport is visible.

— Large wave running up: a small amount of susperialadtransport is visible.

— Large wave running down: a large amount of suspavholed transport is visible.
Point D is stable; a dynamic equilibrium can bens&and is passed on in downward
direction, from the erosion area to the accretimaaAn area of about 15 cm length
of the sand slope is stable and stays at the &fviile original sand slope. The upper
edge of this area is located under the point whexeSWL-line crosses the outside of
the filter layer and the lower edge is located uritie point to where the relatively
large wavesH = Hs) run down over the outside of the filter layer.

Point D stays at the same location during the whelst, both vertically and
horizontally, but the area over which no net emsdiakes place decreases slightly
from about 15 cm to about 10 cm over the duratibiest 10.

Point E, maximum accretion point

Point E is the point on the sand slope where tlegestion has its maximum. Here the
sand settles in the pores between the stones diftdrdayer, making the level of the
sand slope increase in this area.

— Small wave running up: a little bedload transpod a tiny amount of suspended-
load transport are visible.

— Small wave running down: a moderate amount of lmtload and suspended-
load transport can be observed.

— Large wave running up: a large amount of suspefuokeditransport can be seen;
in a sequence of large waves the sand stays iressigm, partly leaving the filter
into the water column.

— Large wave running down: a large amount of susphuked transport can be
seen as well. Sand brought in suspension by theumping wave stays in
suspension and extra sand is also picked up frenbdtitom.

At point E more sand is settling than is transpbeway because the sand level grows
in time. Sand is transported to the area aroundtofrom higher up the slope, partly
settling and partly passing point E in the directiof point F. In large waves, and
especially in a sequence of large waves, some isastilred up high enough to leave
the filter. This amount of lost sand increases wteneffective filter layer thickness
decreases by the growth of the sand slope level.

Point E shifts a bit downwards over the slope wfita growth of the accretion area,
but the maximum (E) stays relatively close to pdintE is closer to D than to F
during the test.

Point F, end of accretion area
Point F is where the accretion area ends and igmalsand slope stays more or less
in place. The water is deeper at this location lowe the slope and waves are
expected to have less influence at this point amtthér down.

— Small wave running up: no visible transport.

— Small wave running down: a tiny amount of bedlo@th$port.

— Large wave running up: a little suspension transisorisible.
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— Large wave running down: a moderate amount of laetiteansport is visible.
Since point E grows and point F stays at the sawa,|Ithe slope between E and F
becomes steeper. It seems that on the steepertblegewnward bedload transport is
more easily triggered by the water motion from weese than on the original, gentler
slope. As sand is supplied from E, the amount nfisa the low part of the accretion
area increases and the accretion area becomes. Bmget F shifts further down the
slope when this happens.

Point F shifts down over the sand slope with thengh of the accretion area. The
accretion area grows gradually, starting from Dchhstays at the same location, and
expands in downward direction.

Point G, end of the sand slope

Point G is where the sand slope ends and reackdsatttom of the flume. Here the
waves have no direct influence, no transport ihas In the area between F and G, a
little bit of bedload transport can be observed ntiee highest waves of the spectrum
are passing. The slope is hardly affected by theewand keeps its original level and
shape.

6.2.5 Observationstest13, Hs=5cm, T,=0,85s

Test 13 is the test with the smallest irregular @ausedHs is measured to be 4,4 cm,
so most of the waves are smaller than 4,4 cm ame 6 the waves are higher.

- Hardly any movement of the sand has been observatl ia test 13. The total
amount of erosion after 420 minutes is zero, wity overy locally some small
perturbation of the original sand slope.

— The height of the internal wave is less than 1 oah the internal setup not more
than a few mm, apparently not enough to generaie gansport.

— For waves lower than about 5 cm (visual estimate) movement of sand was
observed at all; for larger waves, some movemennaiidual grains can be
observed. For these waves, grains roll or slider diie slope over a short
distance; the transport can not be called collectithe waves with a height of 5
cm seem to be at a threshold value for this wape-tyithé =~ 1,6.

6.2.6 Observations test 14, Hs=16cm, T, =1,52s

Test 14 is the test with the highest waves useds the test in the wave height
variation series with the largest waves. In theses, only the wave height has been
varied, and the period adjusted such that the brgadrameter stays constaht 1,6.
The most remarkable observations are mentioned here
— A sequence of a few large waves pushes the interatalr level at the sand slope
interface up to about 9 cm above SWL, after whiobk back-flowing water
transports a lot of sand downward, both as bed&ratlas suspended-load. The
suspended-load transport starts a few cm lowerttehighest water level.
— The highest observed water level at the sand stofié cm above SWL, after a
sequence of large waves.
— The large waves of test 14 are large enough tattireause a little bit of bedload
transport at the toe of the sand slope, wherea$ wages in most tests are not
able to do this.
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6.2.7 Observationstest15, H=3cm, T=2,0s

Test 15 was done with regular waves with a heidglf8 om and a period of 2,0 s, to
represent swell waves. Earlier, test 11 was alsecwed with regular waves to
represent swell, but the wave height of 5 cm amdpibriod of 3,0 s were apparently
too large for the particular test setup, as thé seswed a rapidly growing erosion
area over a long erosion length, an unwanted ®tu&r swell waves that can occur
during quite a long time. Therefore a test was dddethe program with lower swell

waves, to see if this type of wave could be redist@g enough by the structure. The
erosion growth was indeed much slower. Interesilngervations are mentioned here:

— As regular waves are used, no size-difference ltwihe individual waves
occurs; therefore no distinction is to be made ketwlarge and small waves.

— The internal wave has a height of 2 cm, the wateell varying from SWL to
SWL + 2 cm. In other words, the internal setuphef mean water level is 1 cm,
the amplitude of the internal wave also 1 cm.

— The internal wave has a phase lag of almost 186edegompared to the external
wave, both waves being almost in opposite phase.

— Most of the sand transport in this test is bediwadsport; only high up the slope,
from the run-up height of the internal wave to 6 dmwer, small clouds of
suspended-load transport can be observed.

— The run-down of the wave lasts longer than theupnThe downward water flow
has more time to develop and seems to transpoe serd than the upward flow.

— The relatively long period gives the flow over thand slope time to develop,
leading to a relatively strong flow for the smaklve height of only 3 cm.

- In the area fronx = 80 to 100 cm, accretion occurs. A little bedldechsport can
be seen, more during rundown than during run-up Egure 6-38 graph of the
sand- and filter slope of test 15).

- In the area fronx = 100 to 130 cm, erosion occurs. Hardly any tramtsis visible
during run-up; bedload transport can be seen dutingown. Sometimes a tiny
cloud of suspended-load transport is visible durumgdown as well.

- In the area fronx = 130 and higher up the slope, a little erosiooues. Bedload
transport and a little bit of suspended-load tramsm@re visible; a bit more
transport during rundown than during run-up.

6.2.8 Observations test 16, Hs=10cm, Tp=1,2s,tana=1:4

Test 16 has the same wave characteristics as ,tése 4eference test for irregular
waves, with as difference the slope steepnessdofiot:test 16, instead of 1:3 for the
other tests. The gentler slope is expected to dptiea energy dissipation over a
longer area of the slope and to reduce the wavaipuand rundown, leading to less
erosion. Some interesting observations:
- The internal wave reaches a run-up level of 3 covalsWL.
— During small waves, no transport is visible durim-up, and a little bedload
transport is visible during rundown.
— During large waves running up, small clouds of smsjed-load transport are
visible over the whole slope and a little bit oflh®ad transport occurs.
— During large waves running down, bedload transpsrtvisible, and some
suspended load transport at the accretion area.

— As expected, the erosion was considerable lessh®rl:4 slope than for the
steeper 1:3 slope.
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6.3 Results of all the tests

In Chapter 5 the test program was constructed,istimg of 12 tests. The original
program is shown again in Table 6-1. While exequtime actual tests, in total five
tests were added to the program, of which two werens of the reference test, two
were extra wave height variation tests and theviast an extra swell-wave test. The
test program as executed is displayed in Table Bi2.test numbers in this table are
used in the results and analyses to refer to theifgptest.

Table 6-1 original test program

Test Parameters Hs Tp g regularity N Df85/Df15 tan alpha
Number Variations m s (-) reglirreg. (-) () (-)
1 Reference 0,10 1,20 1,58 regular 7200 1,8 0,33
2 Irregular waves 0,10 1,20 1,58 irreg-jonswap 7200 1,8 0,33
3 Varying H 0,08 1,07 1,57 irreg-jonswap 3600 1,8 0,33
4 and N 0,12 1,31 1,57 irreg-jonswap 3600 1,8 0,33
5 0,14 1,42 1,58 irreg-jonswap 7200 1,8 0,33
6 Varying § by varying T 0,10 1,00 1,32 irreg-jonswap 3600 1,8 0,33
7 0,10 1,50 1,97 irreg-jonswap 3600 1,8 0,33
8 0,10 2,00 2,63 irreg-jonswap 3600 1,8 0,33
9 Swell waves 0,05 3,00 5,58 regular 9600 1,8 0,33
10 tan alpha 0,10 1,20 1,19 irreg-jonswap 3600 1,8 0,25
11 variation 0,10 1,20 2,37 irreg-jonswap 3600 1,8 0,50
12 Grading variation 0,10 1,20 1,58 irreg-jonswap 3600 5,0 0,33

Table 6-2 test program as executed with measured we heights and periods

Test Parameters Hs Tp g regularity Duration N = Duration/ Tp Df85/Df15 tan alpha
Number Variations m 5 (-) reglirreg. min () () ()
1 Reference 0,095 1,20 1,62 regular 90 4500 1,3 0,33
2 Reference 2 0,095 1,20 1,62 regular 120 6000 1,3 0,33
3 Reference 3 0,096 1,20 1,61 regular 180 9000 1,3 0,33
4 Irregular waves 0,090 1,20 1,66 irreg-jonswap 180 9000 1,3 0,33
5 Varying H 0,071 1,10 1,72 irreg-jonswap 600 32727 1,3 0,33
6 and N 0,110 1,32 1,66 irreg-jonswap 90 4091 1,3 0,33
7 0,130 1,39 1,60 irreg-jonswap 90 3885 1,3 0,33
8 Varying § by varying T 0,081 1,02 1,49 irreg-jonswap 90 5294 1,3 0,33
9 0,096 1,47 1,97 irreg-jonswap 90 3673 1,3 0,33
10 0,097 1,96 2,62 irreg-jonswap 90 2755 1,3 0,33
11 Swell waves 0,051 3,00 5,562 regular 90 1800 1,3 0,33
12 Grading variation 0,090 1,23 1,71 irreg-jonswap 120 5854 3,5 0,33
13 Varying H 0,044 0,84 1,65 irreg-jonswap 420 30000 1,3 0,33
14 Varying H 0,148 1,48 1,59 irreg-jonswap 90 3649 1,3 0,33
15 Swell waves low 0,030 2,00 4,76 irreg-jonswap 240 7200 1,3 0,33
16 tan alpha 0,090 1,23 1,28 irreg-jonswap 180 8780 1,3 0,25
17 variation 0,090 1,23 2,56 irreg-jonswap 90 4390 1,3 0,50

Five tests were added: test 2 and test 3 are rexutise reference test, with slight

differences in the test setup. Test 13 and 14 wdded to extend the wave height
variation test series, to get a better view on ptsselations between erosion and
wave height. Test 15, finally, was added as araesirell-waves test because test 11,
the original swell-waves test, gave unexpectedlt®slest 15 was added to be able to
say more about the behaviour of low long wavesitgathe structure.

General test parameters

o 15 cm These parameters are the same for all tests, twidet
Drso 25 mm exceptions: tam = 0,25 in test 16 and 0,50 in test 17,
Dres/Ds15 13 and Dsgs/Dys = 3 in test 12. In the next paragraphs, all
Duso 180 pm the tests are described with a photo after 5 m#)we
m 6 photo at the end of the test and the graph of dnel-s
taru 0,33 and filter slope during the test. A short explamatof

h at toe 0,50 m the test and remarkable observations is given.
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Test results and observations

6.3.1 Test 1 reference test regular waves

Test number 1 Test 1 is the reference test with regular waveduded
Type of waves Regular to be able to compare the results of the tests with

:z‘;z::ured glg on Uelman’s results. A photograph was taken every 5
Tomput 12 s minutes during the first 60 minutes and every 10
Tp, measured 1,20 s minutes during the rest of the testy coordinates were

¢ 1,62 extracted for the sand slope of every photo andhfer

Lo 225 m fiter slope of most of the photos, all displayadrigure
Duration 90 min 6-10.

N 4500

tar 0,33

Figure 6-9 test 1 after 5 minutes (left) and afte®0 minutes (right)

The erosion and accretion area are visible alredidy 5 minutes and after 90 minutes

the accretion area has a heightobf the filter layer thickness. The erosion area is
less deep than the accretion area is high. Twoorsafor this are: 1, the erosion is

spread over a longer distance and 2, the accratiea has to be larger because the
eroded sand can only settle in-between the pordsedilter stones.

Test1, H=10cm, T=1,20 s, referencel — Waterline

— Sand start
100 Sand 5 min
— Sand 15 min
— Sand 20 min
Sand 25 min
Sand 30 min
Sand 35 min
Sand 40 min
~ Sand 90 min
~ Filter start

~ Filter 5min

~— Filter 15 min

— Filter 20 min

Filter 25 min

Filter 30 min

Filter 35 min

~ Filter 40 min

— Filter 90 min

Sand 45 min

— Sand 50 min

~ Sand 55 min

30 T T T T T T T ~— Sand 60 min
40 60 80 100 120 140 160 180 200 [~ Sand 70 min
X-value, from start of sand slope (cm) ——Sand 80 min|

Figure 6-10 graph of the sand- and filter slope akst 1
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6.3.2 Test 2 rerun reference test regular waves

Test number
Type of waves Regular

Hs,input
s,measured
Tp,input

p,measured

¢

Lo
Duration
N

tamn

2

10
9,5
1,2

1,20
1,62
2,25
120
6000
0,33

Test 2 is a rerun of the reference test, includeset if
the test result can be reproduced. The result maesed
very similar to that of test 1, with locally some
variations. A reason for the differences might hatt
the sand was not fully saturated or less denseatkguh
in the first test. This comparison will be treafedther

in the next chapter. The duration of test 2 wagmraéd

to 120 minutes, to see if the erosion would decay

further as time progresses. This seemed to beade c

Figure 6-11 test 2 after 5 minutes (left) and aftet20 minutes (right)

It is visible in the graph that the sand slope nwatsperfectly straight at the start of the
test. Experience with the sand levelling had yebéogained. In the calculation of
erosion area and other parameters, this has b&en iato account by adding a
second order trendline to the start-line of thedsaalculating the erosion from there.

Test2, H=10cm, T = 1,20 s, reference2

100

90

Y-value, from start of sand slope (cm)

30
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]
TUDelft

70 80

920

100 110 120 130
X-value, from start of sand slope (cm)

190

Figure 6-12 graph of the sand- and filter slope akst 2
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Test results and observations

6.3.3 Test 3 reference test regular waves

Test number 3 Test 3 is the third run of the reference test wébular
Type of waves Regular waves, included to see the influence of a thin nveish
H:‘r:z:tsured 912 gm under the stones for easier removal of the stoAss.
Tpunput 12 s shown in Figure 6-43, the wire mesh only influenced
b measured 1,20 s the erosion high up the slope (point A), the runpomt
E ;gé of the internal wave. Besides this effect, the enos
, m

Douration 180 min pattern of test 2 was reproduced very well.

N 9000
tan 0,33

Figure 6-13 test 3 after 5 minutes (left) and aftet80 minutes (right)

It can be seen from the photos and the graph hisatdst, like test 1 and 2, produces a
clear bar-profile in the sand slope, with the filtayer only settling in the erosion
area. The transition between erosion and accrepomt D, is a well pronounced
point that stays in the same spot throughout thelevtest. The transition between
erosion and accretion is sharp and can easily fieediein this one spot.

100

Test3, H=10cm, T = 1,20 s, reference3

920

80

70

60

— Waterline
~ Sand start

40

30

50 Sand 5min
~— Sand 30min
~— Sand 60min

/ B

~— Sand 90min
T Filter start
—— Filter 90min

40 50

60

70 80 90 100 110 120 130 140 150 160 170 180 190 200
X-value, from start of sand slope (cm)

Figure 6-14 graph of the sand- and filter slope akest 3
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6.3.4 Test 4 reference test Jonswap waves

Test number 4
Type of waves Jonswap
Hs,input 10
Hs,measured 9!0
Tp,input 1 !2
Tp, measured 1 !20
é 1,66
Lo 2,25
Duration 180
N 9000
tam 0,33

Test 4 is the reference test with Jonswap waves,
included to be able to compare the results of dgelar
waves with those of the irregular waves. Because a
relation was not knownHs has been compared with
Hreguiar and both have been set the same. Expected was
a more or less equal or a bit higher amount ofienos
with the irregular waves, because of the irregtyaand

the presence of larger waves,Lx = 2Hs for Jonswap).
Surprisingly, the amount of erosion was less i fes
The difference is clearly visible in the photos.

Figure 6-15 test 4 after 5 minutes (left) and aftet80 minutes (right)

The overall erosion pattern is very similar tottbatests 1-3, with two differences: at
point A, high up the slope, a sharp edge (cliff)nist visible, only a bit after 90
minutes, and at point D, the transition betweersieroand accretion is spread over an
area of about 10 cm rather than being one singig pe in tests 1-3.

Test4,Hs =10 cm, Tp = 1,20 s, Jonswap reference

100

920

80

e

70 -
/ — Waterline

60

\

\—_// — Sand start
~— Sand 30min
~— Sand 60min

50

— Sand 90min
Sand 120 min

— Filter start

— Filter 90min

40

Sand 150 min
— Sand 180 min

30 - - -
40 50 60 70

920

100 110 120 130 140 150 160 170 180 190 200
X-value, from start of sand slope (cm)

Figure 6-16 graph of the sand- and filter slope akst 4

]
TUDelft

102



Y-value, from start of sand slope (cm)

Test results and observations

6.3.5 Test5 variation of H

Test number 5
Type of waves Jonswap
Hs,input 8
Hs,measured 7 ’ 1
Tp,input 1 !07
Tp, measured 1 ’ 10
£ 1,72
Lo 1,89
Duration 600
N 32727
tam 0,33

In test 5, the wave height is lower, and the peisoset
such that the® is maintained at 1,6. As visible on the
left, the measured parameters differ from the input
Reasons for this can be found in two things: theeva
board does not produce the exact wave that isrput i
especially when the reflection is large, and thevesa
are measured just before the toe of the strucafter

the wave has travelled about 15 m. The measuree wav
is used in the analysis for it is what loaded tinecure.

Figure 6-17 test 5 after 5 minutes (left) and afte600 minutes (right)

The same erosion pattern, a bar-profile, is visihléest 5, but the erosion process
went much slower. The test was extended to 600 i1flil, hours) to see if an
equilibrium situation would develop. The erosiomwrvery slow in the end, but did
not stop, not even after 600 minutes. The totatieroafter 600 minutes was still less
than the erosion of test 4 after 180 minutes.

Test 5, Hs =8 cm, Tp = 1,07 s, varying H
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Figure 6-18 graph of the sand- and filter slope aest 5
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6.3.6 Test 6 variation of H

Test number 6
Type of waves Jonswap
Hs,input 12
Hs,measured 1110
Tp,input 1!31
Tp,measured 1!32
é 1,66
Lo 2,72
Duration 90
N 4091
tam 0,33

In test 6, the waves were higher than in test 4 Th
waves were high enough to let the filter stones aol
little, without actual damage to the filter layéy.few
stones were moved, but mostly stones were only
wiggling and rolling a bit in the same place. lesed
that this was the maximum wave height that could be
resisted by the filter layer without extra proteatiand
without real damage and loss of layer thickness.

Figure 6-19 test 6 after 5 minutes (left) and afte®0 minutes (right)

The erosion in test 6 clearly went faster tharest ¢, after 90 minutes it had already
exceeded the amount of erosion of test 4 afterBQites. The erosion profile does
not differ; the same bar-profile can be recognized.

Test 6 Hs =12 cm, Tp=1,31 s, varying H
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Figure 6-20 graph of the sand- and filter slope dest 6
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6.3.7 Test 7 reference test regular waves

Test number 7 In test 7, the wave height was increasetiie= 14 cm,
Type of waves Jonswap leading to an even more severe attack of the sireict
E:EZ:Lured 13}3 ¢n To exclude the effects of a decreasing filter layer
Tpunput 142 s thickness, a thin wire mesh was put over the stones
Tp, measured 1,39 s around the waterline, anchored into the core watlr f

¢ 1,60 steel pins. This wire mesh prevented the stonas fro
Lo 302 m  pheing washed away by the waves, without disturbing
Duration 90 min . .

N 3885 the water motion processes. The wire mesh was very
tar 0,33 thin and flexible, the same as used under the stone

Figure 6-21 test 7 after 5 minutes (left) and afte®0 minutes (right)

The higher waves clearly cause a larger amountadi@ and accretion. The bar-
profile is still the same and again the erosionaghorate decreased during the test.
The larger waves run higher up the slope, makiegehgth of the erosion area larger
(La = absolute erosion length).

Test 7 Hs =14 cm, Tp = 1,42 s, varying H
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Figure 6-22 graph of the sand- and filter slope akst 7
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6.3.8 Test8 variationof T

Test number 8 In test 8 the wave period is varied, the wave heigh
Type of waves Jonswap maintained aHs = 10 cm like in test 4. The period was
E:ir:Z:;red 812 cm Tp =10 s. These relatively steep waves were difficu
Tpunput 10 s for the waveboard to generate; the machine prodaced
Tp, measured 1,02 s few loud bangs and stopped once during the test. Th
¢ 1,49 input wave height of 10 cm was not reached, only 8,
||50uration ng mm cm was measured fots. Steeper waves were not used
N 5294 in the test series. The breaker-type of test 8 sidls
taru 0,33 plunging waves.

Figure 6-23 test 8 after 5 minutes (left) and afte®0 minutes (right)

The amount of erosion is clearly less than in #gswith a lower erosion-depth and
length. The bar-profile does occur, being less pumted because the total erosion is
less. The erosion-growth pattern is also similatesi 4, as can be seen in the analysis
in Chapter 7.

Test8 Hs=10cm, Tp=1,00 s, varying T
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Figure 6-24 graph of the sand- and filter slope akst 8
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Y-value, from start of sand slope (cm)

Test results and observations

6.3.9 Test9variationof T

Test number 9 In test 9, the wave period was 1,5 s, larger thaest 4.
Lype of waves JO”SVX%FJ The longer waves have a larger run-up and rundown
o 96 on heightand seem to give the porous flow insidefittes

S, measure ) . . ..
Tpunput 15 s layer more time to develop. The internal setupighér,
Tp, measured 1,47 s the internal wave over the sand slope runs-up highe
¢ 1,97 and has a higher average level than with shorteesia
Lo 338 M  The waves break in a plunging w.
Duration 90 min e waves brea apiunging way.
N 3673
taru 0,33

Figure 6-25 test 9 after 5 minutes (left) and afte®0 minutes (right)

The amount of erosion is larger than in test 4hwilte same basic pattern. The
erosion-growth pattern is also the same, fast drawtthe beginning, slowing down
as time progresses.

Test9 Hs=10cm, Tp=1,50 s, varying T
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Figure 6-26 graph of the sand- and filter slope akst 9
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6.3.10 Test 10 variation of T

Test number 10 In test 10 the waves are even longer than in testth

Type of waves Jonswap a period of 2 s. These longer waves cause an aveger|

Hl input ) 91(; cm  run-up and rundown height and a larger internalyset
Towo 20 s  Thelong period gives time for the developmentighh

b measured 1,96 s porous flow velocities running down the sand slope.
¢ 2,62 The sand transport mechanisms of test 10 have been
Lo 600 m  described in detail in section 6.2.4.

Duration 90 min

N 2755
taru 0,33

Figure 6-27 test 10 after 5 minutes (left) and afte90 minutes (right)

Especially the erosion-length is very large in 88t the total amount of erosion is
also quite large. The length of the area at poinoM@r which the net-erosion is

practically zero

is larger as well, from about 10 in test 4 to over 15 cm in test 10.

Test 10 Hs =10 cm, Tp=2,00 s, varying T
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Figure 6-28 graph of the sand- and filter slope aest 10
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Y-value, from start of sand slope (cm)

Test results and observations

6.3.11 Test 11 swell waves

Test number 11 Test 11 was done with regular waves to simulate the
Type of waves Regular effect of swell waves, with the expectation thae th
H:‘r:z:tsured 5? h  erosion would grow slowly because of the small wave
Tpunput 3,60 s height. However, the effect of the long period was
b measured 3,00 s underestimated and the erosion went very fastadste
¢ 5,52 The long waves with a height of only 5 cm havergda
||50uration 14’8(? ™ run-up and rundown than the waves of test 1 with a
N 1800 twice as large wave height. Test 15, with lower lfwe
tar 0,33 waves was included to the program for comparison.

Figure 6-29 test 11 after 5 minutes (left) and afte90 minutes (right)

The long waves do not break at all, but surge dverfilter slope. The difference in
amplitude between the external and internal waveugh smaller than for shorter
waves. The up-running wave takes some sand withuitduring the long run-down,
porous flow velocities develop to a high level,rfgeable to transport a large amount
of sand over a long distance down the slope.

Test11H=5cm, T = 3,00 s, regular waves, swell
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Figure 6-30 graph of the sand- and filter slope akst 11
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6.3.12 Test 12 wide grading

Test number 12
Type of waves Jonswap

Hs,input 10
Hs,measured 9!0
Tp,input 1 !2

p,measured 1 !23
é 1,71
Lo 2,36
Duration 120
N 5854
tam 0,33

cm
cm

min

In test 12 a different filter material was usednxed
grading from three existing materials, to get aetyd
graded material. The small stones can fill a parthe
pores between the large stones, leading to snpadles

and a lower porosity. The smaller pores were exgoect
to decrease the amount of erosion by reducingaae |
and giving more resistance to the porous flow.
However, after 90 minutes the amount of erosion was
exactly the same is in test 4 with the narrow grgdi
The porosity was measured after the tests and the

difference turned out to be smail= 0,42 for the other tests,= 0,37 for test 12.

Figure 6-31 test 12 after 5 minutes (left) and aftel20 minutes (right)

As in the other tests, the bar-profile is clearigible. A difference between test 12
and test 4 is that in test 12 the erosion area@BWL is much less pronounced; only
a very little erosion above SWL is visible. Thetrekthe profile is very similar.

Test 12 Hs =10 cm, Tp = 1,2 s, Jonswap, Wide gradi ng
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Figure 6-32 graph of the sand- and filter slope afst 12
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Y-value, from start of sand slope (cm)

Test results and observations

6.3.13 Test 13 variation of H

Test number
Type of waves Jonswap

Hs,input 5

s,measured 4!4
Tp,input 0,85

p,measured O 3 84
é 1,65
Lo 1,10
Duration 420
N 30000
taru 0,33

13

Test 13 was added to the program to get an extea da
point in the wave height variation test series. The

cm  relation between erosion and wave height did netnse

s to be linear for the tests, and to have more dafmd a

S relation, test 13 and 14 were added. The low wave
height ofHs = 5 cm was expected to give little erosion,

M with the possibility of finding an equilibrium sktion.

min . .
Indeed the amount of erosion was small; no reaiero
did even occur at all, only some very local sandiomo

Figure 6-33 test 13 after 5 minutes (left) and aftet20 minutes (right)

Clearly the amount of erosion is practically zdeading to a threshold in the wave
height below which no erosion occurs. It was visilsl the test that the larger waves

in the test did cause

some sand movement, a tinyf lncal bedload transport, while

waves lower than about 5 cm did not cause anylgisibnsport at all.
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Figure 6-34 graph of the sand- and filter slope afst 13
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6.3.14 Test 14 variation of H

Test number

Hs,input
s,measured
Tp,input

p,measured

¢
Lo
Duration

14
Type of waves Jonswap

16
14,8
1,52
1,48
1,59
3,42

90

3649
0,33

In test 14, the highest waves of the whole teseser
were used. Again a wire mesh was put over the stone
to prevent them from rolling away, this time also
stabilized with two heavy bars, put lengthwise lire t
flume to influence the wave motion as little as gibke.

As expected, the amount of erosion was larger than
lower waves and the erosion area grew faster. The
larger waves seemed to have more power than smaller
waves, creating stronger flow and more sand tram.spo

Figure 6-35 test 14 after 5 minutes (left) and afte90 minutes (right)

The shape of the erosion profile is more or legsslime as in e.g. test 12, with the
difference that the erosion is spread a little dretiver the erosion area, with less
difference in erosion depth over the area. Theedioer area is high, reaching towards
the top of the filter layer. Sand was leaving titterf in high waves.

Test 14, Hs =16 cm, Tp = 1,52 s, Jonswap, varying H
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Figure 6-36 graph of the sand- and filter slope akst 14
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6.3.15 Test 15 swell waves low

Test number 15 The wave height in test 15 is only 3 c¢m, the lowest
Type of waves Regular

Y-value, from start of sand slope (cm)

waves used. Yet some erosion does occur, in cantras

H:‘r:z:tsured 3% irr?] test 13 where no erosion occurred for waves of 5 cm
Tpunput 2,60 s high. The difference lies in the period, whichasger in

b measured 2,00 s test 15. The amount of erosion is much less thaesh
¢ 4,76 11, with larger swell-waves. Test 15 was run fof 24
||50uration 62"218 M~ minutes, (4 hours), after which the amount of emsi

N 7200 was still small compared to test 11 after 90 miaute
tam 0,33

Figure 6-37 test 15 after 5 minutes (left) and afte240 minutes (right)

Like in the other tests with regular waves, a stedpge or cliff develops at point A,
high up the slope, slowly eroding upward. PointsDvisible, but less clear than in
other tests, as the whole erosion and accretioa ane less pronounced and the total
amount of erosion is small.
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Figure 6-38 graph of the sand- and filter slope aest 15
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6.3.16 Test 16 slope steepness variation

Test number 16 In test 16, the slope of the structure was changed4
Type of waves Jonswap instead of 1:3 in the other tests. The wave pararset
E:‘r:z:tsured 91,8 om  equalled those of test 4. It was expected thamwthee
Tpunput 12 s dissipation would be spread over a longer parthef t
Tp, measured 1,23 s slope, plus that the gentler slope is more statdh

¢ 1,28 leading to less erosion. Indeed, the amount ofi@mnos
Lo 2,36 M  \was considerably less. Which of the mentioned
Duration 180 min . . . .

N 8780 mechanisms was most important for this will be
taru 0,25 elaborated on in the next chapter.

Figure 6-39 test 16 after 5 minutes (left) and aftel80 minutes (right)

Hardly any erosion is visible above SWL; the waetiom does not seem to reach
high enough to cause strong enough porous flow bgthe slope. The bar-shaped
profile is visible on the rest of the slope.

Test 16, Hs=10cm, Tp=1,2s,slope 1: 4
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Figure 6-40 graph of the sand- and filter slope aest 16
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Y-value, from start of sand slope (cm)

Test results and observations

6.3.17 Test 17 slope steepness variation

Test number 17
Type of waves Jonswap
Hs,input 10
s,measured 9 ’ 0
Tp,input 1 !2
Tp, measured 1 !23
é 2,56
Lo 2,36
Duration 90
N 4390
tam 0,50

In test 17 the slope was steeper instead of gerdtiar
The opposite effects of test 16 were expected patesh
distance over which the wave energy is dissipatet! a
less stability of the sand by the steeper slope. Sdnd
had to be levelled very carefully as the sand Heal t
tendency to slide down with only little disturbancge
the levelling board. The amount of erosion was @ude
large and the erosion grew fast in test 17.

Figure 6-41 test 17 after 5 minutes (left) and afte90 minutes (right)

As in all tests, the bar-profile is visible. Remealle in this test is the very large cliff
at point A. The vertical edge is more than 5 cmhhagter 30 minutes and it was
clearly visible during the test that the up-runnwgves undermine this cliff by
eroding sand from the base of it.

Test17, Hs=10cm, Tp=1,2 s, slope 1: 2
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Figure 6-42 graph of the sand- and filter slope afst 17
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6.4 Validity of the tests

The tests were performed in the long sediment pariglume of the fluid mechanics
laboratory of the faculty of Civil Engineering aelit University of Technology. This
flume has a length of 42 m, a width of 0,80 m ardkepth of 1,00 m. The electrically
driven wave board with automatic reflection comgdios can never give the exact
wave that was put in, and differences of up to 10&¢e been measured between the
input and the actual wave that arrived at the stinec However, because the analysis
is done with the measured wave parameters, thesediee to this difference do not
influence the results. If for some reason theyidwijll be mentioned in the analysis
of the particular situation.

6.4.1 Setup of the structure

Tests 2 and 3 are reruns of the reference testshght differences in the test setup.
In test 3, a thin mesh wire was placed under titer fiayer, on the sand slope. With
this mesh wire, the stones are much easier remaftedthe test, and the thin wires
sink easily into the sand without interferencehad tests. Nevertheless, test 3 showed
that the mesh wire does have influence high up slope, where a steep edge
develops. Here the wire cannot follow the sharpdb#nthe slope and keeps the
stones of the filter too high above the sand. Bsellt is an open space underneath the
stones where the up-running wave has more spactharefore more power to erode
the steep edge. To avoid this influence in the roests, the mesh wire was only used
on the lower part of the slope, where no influemes measured. Figure 6-43 shows
this difference between test 2, without mesh wird test 3, with the mesh wire. High
up the slope, where point A is defined, a larget higher (further eroded) sharp edge
or cliff can be seen for test 3 than for test 21tl#d rest of the slope, the erosion after
90 minutes is practically the same for both tests.

Comparison test 2-3 start and after 90 min
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Figure 6-43 comparison of the erosion after 90 mirtas of test 2 and test 3
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Figure 6-44 photo of the space under the mesh wiie test 3

6.4.2 Reproducibility of the tests

Most tests have different loading parameters, ntpkirrepeatability study difficult.
Nevertheless, tests 1, 2 and 3 have been donethdéhsame waves loading the
structure and principally the same setup of thactire. Differences are that the
structure for test one was built in the dry flunreddor the other tests in the flume
filled with water. For the first test, the sand nfagve been less densely packed and
not completely saturated. The only difference betwkests 2 and 3 is the application
of the thin mesh wire in test 3 as described above.

Comparison test 1-3 start and after 90 min
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Figure 6-45 erosion of the sand profile of test bt3 at the start and after 90 minutes

Test 1 shows deviations in the erosion profile

Figure 6-45 shows the erosion of the sand profilests 1-3 at the start and after 90
minutes of testing. It is visible that the erosairtest 1 after 90 minutes deviates from
that of test 2 and 3; higher on the slope the erosi less, towards point D the erosion
is more and the accretion area is first a bit losred later a bit higher than that of tests
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2 and 3. These deviations are expected to be duleetalifference in packing and
saturation of the sand in test 1 as described above

Tests 2 and 3 show good similarity

Test 2 and 3 show much less deviation; despiteitlieeof the mesh wire in test 3, the
erosion profiles after 90 minutes almost coincidiéhvonly very local differences.
These differences are expected to be local scoleshayound single filter stones or
due to local differences in porosity of the filstones.

Reproducibility based on tests 2 and 3

Based on the observations of test 2 and 3 it casalmkthat the tests are reproducible
in a qualitatively good way. Small local disturbea@o not induce large deviations in
the overall erosion profile.

6.4.3 Measurement errors

Some devices were used to measure for instance heaigats or distances in the
structure. All measurements have a certain accuaadyhence a certain error.

Wave gauges

The used wave gauges have a standard error of OIB%.gauges measure the
electrical resistance through two wires that are ipuhe water. The water surface

connects the electric loop; the higher the wateellethe lower the resistance. At the

bottom end of the wires, another electrode perfoammeference measurement under
water to compensate for differences in the elextniesistance caused by differences
in for instance the density, temperature or sglioftthe water.

Photographs of the sand profile

Photos were taken with a 5 megapixel digital camenawhich differences of half a
mm are still visible. The graphs were constructehuoally from the photos with the
software Getdata, for which an error of 0,5 mmoidé expected as well. This way,
the measurements of the sand profile have an efrgp to 1 mm.

Measurements with a measure-tape

For the construction of the breakwater cross-sectiomeasure-tape was used with a
mm scale. The error in these measurements is dbouh, which is the thickness of
the lines drawn on the glass of the flume.

6.4.4 Laboratory effects

A wall effect can be expected at the glass sidewallthe flume, causing an error in
the measured profile. Also an asymmetry in theieropattern over the width of the
flume has been observed.

Wall effect error

At the wall, the irregular structure of the filtetones is disturbed. The straight wall

changes the shape and size of the pores betwesioties at the wall compared to the
pores deeper in the filter layer. Pores at the arallusually larger, expectedly causing
higher porous flow velocities. This will lead to meoerosion at the wall than in the

middle of the structure. To investigate this difiece, filter stones have been removed
very gently after a number of tests, and the samthse has been measured for
deviations.
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Table 6-3 deviations of erosion and accretion ovéine width of the flume in mm

Waterline 0 0 0 2 2 1 0,83
Erosion 1 2 2 1 2 3 3 2,17
Erosion 2 2 5 2 0 0 0 1,50
Max erosion 5 5 3 2 2 1 3,00
Erosion 4 3 2 1 1 2 2 1,83
Point D 1 3 3 3 0 2 2,00
Accr. 1 2 1 1 4 1 3 2,00
Max accr. 1 3 2 2 2 0 1,67

0] ,6 ,6 ,0 5 ,5

5 5 3 4 3 3

In Table 6-3 these deviations are shown. The nusibdicate the amount of mm that
the sand-slope-level at the wall differs from tlratthe middle of the flume. As
expected, a somewhat deeper erosion and highegtaecrarea developed in most
tests, with deviations of 2 mm on average, andlipeamaximum of 5 mm for tests 6
and 7. These maxima were measured at places wiaakskcour around a stone had
deepened the erosion. The overall sand slope dicchmenge over the width of the
flume, only these very local differences were pnésk the calculation of the erosion
area (150 crhon average), these deviations can cause an értéb maximum.

Asymmetry error

Due to asymmetry in either the wave generation stiepe of the flume, the shape of
the fixed 1:30 slope or the shape of the breakwatess section, an asymmetry in the
erosion between the front- and backside of the éiras been found.

Comparison front-back test 4
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Figure 6-46 comparison of the sand slope after 188in from the front- and backside for test 4

In Figure 6-46, the lines of the sand slope asaeid from a photo from the front
side and one from the backside after 180 minutessif4, are plot simultaneously. In
the erosion area, the two lines lie close to eatlerp but in the accretion area and
around point D, differences are clearly visible.eThmount of erosion does not
deviate much in total and over the largest patheferosion area the lines lie close.
However, point D lies higher up the slope at theklsa@le of the flume and the
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accretion area is higher in this area. The samiehpale been made for tests 5, 6, and 7,
and the same pattern occurred for all these testy; little differences in the erosion
area, but a higher point D and a higher sand stopand D and between D and E
(accretion max) at the backside of the flume.

Table 6-4 deviations in cm between the front- andackside of the flume

Erosion average 0 0 0 0 0,00 0,00
Erosion max 2 15 1 1 1,38 1,50
Accretion average 1 1 1 3 1,50 3,00
Accretion max 3 3 3 4 3,25 4,00

In Table 6-4 the differences in sand slope leveldisplayed for tests 4 — 7, divided
into an average and a maximum value over the erasiea and over the sand slope. It
should be noted that these differences are in mstead of the mm used to display the
deviations between the middle and the sides teatdithe wall effect. The deviations
due to asymmetry effects are one order higher thanwall effect-deviations. As
mentioned above, different reasons could be redplenfor these asymmetry effects,
but without the necessary data, no conclusionsbsamrawn. The overall average
asymmetry effect is about 1,5 cm.

6.4.5 Conclusions on the errors

Different types of errors have been described:psetwrs by the wire mesh under the
stones, measurement errors by the wave gaugedaldgotos and measured
distances, and laboratory effects being a wallcefémd an asymmetry over the width
of the flume.

Relative importance of the errors

The error by the wire mesh has been countered lyyamplying it where no influence
was found, so this error does not influence thdyaisa The measurement errors do
not exceed 1 mm, which is in the order of 1% of thgical length scales in the
structure, and leads to errors in the order of OiB%he calculation of the erosion
area. The wall effect gives a somewhat higher ealoout 2% in the length scales, but
the error due to the asymmetry in the flume-erogimotess gives the highest error, of
up to 10% in the erosion area and even 20% in¢heston area.

Handling the errors

Errors by the wire mesh and measurements are itdHgligecause they are an order
smaller than asymmetry errors and irregularitieshie test results. The wall effect
errors are also small compared to the other effacid never underestimate the
erosion, which might lead to unsafe design formuss they are not taken into
account in the further analysis, other than beirggiced and recognized. The
asymmetry error is much larger, and must be handitldl care. Because the same
pattern of deviations occurs at all the investidatests, regularity to some degree in
these deviations is expected. The amount of eroaimh the erosion depth do not
change much, and the influence in relations betWeading and erosion is expected
to be very limited as the error seems relativehi® amount of erosion. Absolute
values can be influenced by this type of error, ease-specific physical model tests
will be recommended to eliminate this type of emdren designing breakwaters with
hydraulically sand-open filters.
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Chapter 7

Analysis of the test results

Erosion area vs hydraulic gradient
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7.1 Calculation of parameters
7.2 Sand balance for erosion and accretion area
7.3 Comparisons with Uelman'’s tests
7.4 Relations between loading and erosion
7.5 Existing open filter design criteria and Shield s
7.6 Turbulence-dominance or porous-flow-dominance
7.7 Dimensionless parameter relations
7.8 Up-scaling to a possible prototype

7.9 Evaluation of the analysis
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Chapter 7 Analysis of the test results

In chapter 7 the results of the tests are analyRethtions between parameters are
investigated and interpreted, and explanations sa@&ched for. First interesting
parameters, such as erosion depth and —length;adgelated, after which the sand
balance for the erosion and accretion area is égaa Then the results are compared
with the results of the tests done by Uelrffarand relations between loading- and
erosion parameters are investigated. The domirwadirig force is identified from
observations and the dimensionless parameter ceidms found in Chapter 4 are
used to find useful dimensionless relations suitdbl the understanding and design
of breakwaters with open filters on a sand core @hapter ends with up-scaling to a
prototype scale and an evaluation.

7.1 Calculation of parameters

The computation of the erosion area has already beentioned earlier; from the
photos through the glass side wall of the flumepbgs were extracted using the
software Getdata. This program creates-coordinates when dots are placed
(manually) in the picture. These sets of coordmaiee imported in Excel, to plot
graphs and calculate interesting parameters.

Erosion and accretion area

Because the lines after different times for oné temve differentx-y-values, they
cannot be subtracted or added at once. Therefwecand order polynomial was
added to the start line as a trendline and thermifices were calculated from the
resulting function, see Figure 7-1. The erosioradsethe surface between the start
line and the particular line of interest of the dafope.

Test1l,H=10cm, T = 1,20 s, referencel

Waterline
— Sand start
Sand 5 min
— Sand 15 min
— Sand 20 min
Sand 25 min
Sand 30 min
Sand 35 min
Sand 40 min
Sand 45 min
Sand 50 min
—— Sand 55 min
— Sand 60 min
Sand 70 min
— Sand 80 min
Sand 90 min
— Filter start
— Filter 5 min
— Filter 15 min
Filter 20 min
Filter 25 min
Filter 30 min
Filter 35 min
— Filter 40 min
Filter 90 min
~— Poly. (Sand start)

100

Y-value, from start of sand slope (cm)

30

T T T T T T T
40 60 80 100 120 140 160 180 200
X-value, from start of sand slope (cm)

Figure 7-1 example of an extracted graph with trenline at the start

36 Uelman (2006), [49]
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Erosion length and -depth

The erosion length is defined as the horizontagjleni-values) between point A
where the erosion starts, and point D where thei@noends. This is the absolute
erosion length_,, divided into the relative erosion lendth from D to the waterline
(point B), and the relative erosion lengthL2, from point A to point B.

La
et —
Lr2 Lr
— — —
Sio o o gy
J;%Cfi\, Bk
&K ] —
- - ~ —Z AR
A D) \'%?Z‘t DS
Sand core : = %
) B' : ~ \, T
" .
3 D TR

Figure 7-2 definition sketch of erosion length and-depth

The erosion length values were calculated fromxtlyecoordinates, and the erosion
depth was calculated by dividing the erosion argatie absolute erosion length,

d, :%' This is the average vertical erosion depth. Wezage depth is used instead

of the maximum depth to minimize the influence lo¢ tocal wall effects and to be
able to compare the quantitative results with thois&lelman. The erosion area, the
different erosion length parameters and the erod&pth are shown in Table 7-1 for
all tests after 90 minutes.

Table 7-1 erosion parameters of all tests

Test Parameters H T ¢  Erosion area 90 min La 90 min Lr 90min Lr2 90min ds 90min
Number Variations m 5 (-) cm”2 cm cm cm cm
1 Reference 0,095 1,20 1,62 247,65 64,10 59,09 5,01 3,561
2 Reference 2 0,095 1,20 1,62 231,97 75,24 60,45 14,79 3,08
3 Reference 3 0,096 1,20 1,61 279,73 73,80 60,64 13,17 3,79
4 Irregular waves 0,090 1,20 1,66 96,10 65,17 55,36 9,81 1,47
5 Varying H 0,071 1,10 1,72 52,03 67,30 48,19 19,11 0,77
6 and N 0,110 1,32 1,66 159,50 68,21 55,58 12,63 2,34
7 0,130 1,39 1,60 257,22 87,87 66,02 21,86 2,93
8 Varying ¢ by varying T 0,081 1,02 1,49 56,09 61,27 53,59 7,67 0,92
9 0,096 1,47 1,97 133,26 71,44 53,45 17,99 1,87
10 0,097 1,96 2,62 194,73 76,72 58,85 17,87 2,54
11 Swell waves 0,051 3,00 5,52 206,97 73,39 56,11 17,29 2,82
12 Grading variation 0,090 1,23 1,71 94,56 64,92 55,89 9,03 1,46
13 Varying H 0,044 0,84 1,65 -2,52 0,00 0,00 0,00 0,00
14 Varying H 0,148 1,48 1,59 293,05 93,20 71,25 21,95 3,14
15 Swell waves low 0,030 2,00 4,76 35,70 72,20 53,48 18,72 0,49
16 tan alpha 0,090 1,23 1,28 56,11 80,49 72,14 8,35 0,70
17 variation 0,090 1,23 2,56 184,85 48,07 38,98 9,08 3,85

123 Van Oord i



Open filters in breakwaters with a sand core

Maximum erosion depth

The maximum erosion depth is located at a veryl lscaur hole around a filter stone
at the glass side wall of the flume. This deptma particularly relevant for the
behaviour or the design of the structure becausdadbal scour hole is evened out by
the filter layer above it. The filter layer settlesfill the erosion area with its stones
and averages the erosion of the sand over the wdrolEon length. Therefore, the
average erosion depth as used in the analysis limes a physical meaning and is
relevant for the behaviour of the structure as aleh

Example of loading-erosion relations

From the data in Table 7-1, relations between logdparameters and erosion
parameters can be plot and investigated. As an gbeatotal erosion area is shown in
Figure 7-3 versus the wave height, for all tests.

Erosion area vs H after 90 minutes
350
300 <
*
250 . ¢
*
200 * -
= <*
N
% 150 hd
z -
100 *
50 Py L 3 L 3
*
0 T — : T T T T
0,000 0,020 0,040 0,060 0,080 0,100 0,120 0,140 0,160
-50
H (m)

Figure 7-3 chart of the erosion area versus the wawheight for all tests

In the chart all the tests have been put, showmgimgle relation between the amount
of erosion and the wave height. In section 7.4tiia are shown per subset of the
tests, for instance wave height variation testsd atifferent combinations of
parameters are used to find important relations.
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7.2 Sand balance for erosion and accretion area

At the end of most tests, a zoomed-out photo has beken of the whole slope to be
able to calculate the total accretion area coyrebtyond the green pole of the flume.
The results are shown in Table 7-2, with the ratfothe erosion area over the
accretion area. Theoretically, this ratio shouldadhe porosityn, which has been
measured to be 0,42 for the used filter stones.

Table 7-2 comparison of erosion- and accretion area

Test Erosion area Accretion area Ratio porosity
number cm”2 cm”2 erosion/accretion -
4 -159,71 283,37 0,56 0,42
5 -135,98 221,19 0,61 0,42
6 -164,53 289,12 0,57 0,42
7 -268,02 458,54 0,58 0,42
8 -140,29 303,84 0,46 0,42
9 -138,34 289,48 0,48 0,42
10 -202,64 401,36 0,50 0,42
11 -206,05 312,98 0,66 0,42
14 -305,19 502,84 0,61 0,42

Clearly, the erosion area is smaller than the #iocrarea, but larger than the 42%
that it should be theoretically, with values of tiagio ranging from 46% to 66%. This
is unexpectedly high; possible reasons are lisedovi

— The measured porosity is the internal porosity leetwthe filter stones. At the
edges, on the flat sand bed and at the glass sle, whe porosity is different.
This can be explained when looking at a spherejtisafiits inside a cubical. The

3

volume of the sphere i3/ ili'zr , and the volume of the cubical is

sphere

(VA (2r)3 =8r®. A layer of spheres on a e.g. a flat bottom thass & porosity of

cube
Vs ere 4 H
n:1—p—h:1—%:0,48. The stones of the filter layer are not perfect

V.

cube

spheres, but the porosity at the edges is clogg4® for the first layer with a
thickness of about half a stone diameter. For exanthis effect increases the
average porosity over the accretion area of tesd 0145.

A part of the finest fraction of the sand will nettle in the accretion area, but
leave the filter as wash load. After the testsudlome bucket could be filled with
fine sediments that had settled on the bottom efdhed flume. Per test, this
cannot be more than about 2/3 litre, or about 28 efithe measured accretion
area (the porosity and flume width taken into actphuSome of the even finer
sand fractions may have left the flume with theervathen it was emptied, but
the amount is not known.

Some sand might stick within pores of the filteorsts, not being measured as
accretion area. Furthermore, after most of thestestime sand was found at the
toe of the filter slope, between the stones onflinme floor. The amount is
difficult to estimate as the removal of filter senhad affected it at the time it
was observed. Both mentioned effects together gpeated to add less than 10
cm? to the accretion area.
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— The wall effect as explained in section 6.4.4, dduhve an effect, but it must be
very small, because where local scour around storesases the erosion area
slightly, the accretion area is increased as vibetause the effect in this area is
reverse with local extra sedimentation at the wall.

— The asymmetry that was observed over the widtthefflume can have a larger
effect. Especially in the accretion area an asymmefas observed, with a
tendency that the accretion area at the back diubee is larger than at the front-
wall. For test 11, this effects even leads to @ rat erosion/ accretion of 0,33 at
the backside of the flume, less than the porosity.

The effects mentioned above partly explain theeddffice between measured and
theoretical erosion/ accretion ratio. As an examigist 11 is looked at for it is the test
with the highest ratio. The edge-effect increasesgorosity to 0,45. The accretion
area can be increased with 20°cfor the fine fractions that left the filter andtivi
maximum 10 crhfor the other effects, resulting in an accretiogazof 343 crh With
the erosion area of 206 émthis leads to a ratio of 0,60. Still, the acaetiarea
remains about 125 cnsmaller than expected for test 11. The asymmedeg ghlay an
important role; measured from the backside of theé, a ratio of 0,33 is found. As
no better information is available, the averagevieen front and back has been taken,
resulting in a ratio of 0,47, closer to the 0,4%ttlt should be. The remaining
difference can be due to measurement errors or Haatdleft the flume with the
exiting water.

For the other tests, a similar comparison betweemtfand backside leads to
comparing results. For instance, test 4 showsia aatthe backside of 0,31, a ratio at
the front side of 0,56, leading to an average d#40the same as expected with the
edge-effect taken into account. Test 5 shows dtre60,45. Test 6 leads to 0,50, still
higher than expected, and test 7 to 0,45. For therdests, no clear data are available
containing the total erosion area at the backsidieeflume.

Altogether, for most tests the different possidasons as mentioned answer the
guestion to where the eroded sand has gone aftemioar Perhaps even more

important than the balance between erosion andngedation, is the observation that

asymmetry and other effects mainly affect the aeammearea. The erosion area shows
little asymmetry and little disturbances over thst$ by various mentioned effects. It

is the erosion area that determines the deformatfotihe structure as a whole and

with that the applicability of the filter in a pracal situation.
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7.3 Comparisons with Uelman’s tests

Evert Uelman performed tests with the same modapsia the same wave flume. He
used regular waves with a height of 10 cm and emgef 1,2 s for all his test, varying
the filter layer thickness and the grain size of fiiter layer. His most important
results, detailed observations and relations betwesmsion parameters and the

. . . . d
dimensionless filter layer thickness=——, are compared to the results of the
f50

present study.

7.3.1 Observations

Uelman has made a similar detailed descriptionbsfeovations as was made for test
10. In his tests, the waves were always the sardeeayular, so the observations are
representative for all his tests and no distincticas made between large and small
waves. Remarkable similarities and differencesaeationed here.

Water motion

The same water motion has been observed by Uelthanyave breaks on the outside
of the structure and an internal wave with an atugé of 1 to 2 cm develops in the
filter layer. In Uelman’s tests the internal setsip few cm.

Sand transport types

As in the present tests, two types of sand tramtdpaore been observed; bedload and
suspended-load transport. The bedload transpodessribed as a blanket of up to 10
grains thick moving over the slope, the same aspifesent observations. The
suspended-load transport is described as transpantlividual grains; where in the
present tests a cloud of grains was observed ré#tlaerindividual grains, which are
too small to be followed clearly with the eye. Haweg the transport mode is the
same.

Point to point description of the transport

At point A the cliff-erosion process is describétkiman observed this in all his tests;
in the present tests it was observed clearly fguler waves, steep structure slopes
and tests where the height-differences were simatlless clearly or not at all for tests
with irregular waves with a significant differenbetween larger and smaller waves.
The waves with different heights also have diffémem-up heights on the sand slope,
smoothing the erosion at point A over a larger area

At point B, a combination of bedload and suspendead- transport is observed,
moving up and down the slope. This is very simitathe present tests. Remarkable is
that the share of the total transport being bedlansport increases when the filter
layer thickness increases or the filter grain slieereases. In other words, a filter that
reduces the wave loading more lets the bedloadspah increase relative to the
suspended-load transport. In the present testsdime was observed; smaller waves
show only bedload transport and larger waves shaspended-load transport or a
combination of both.

At point C the bedload transport is dominant, onlyen the filter layer is thin or the
grains large, suspended-load transport has beeerv@os This is similar to small
waves in the present tests, where bedload transpitint a little suspended-load
transport is visible. However, two differences &vand; in Uelman’s tests bedload
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transport is described also for up-running wavesne@s hardly any bedload transport
during wave run-up has been found in the preseis,tand in the present tests, large
waves do cause a considerable amount of suspeadddttansport at point C,
especially during rundown. The amount of susperidad-transport at point C seems
to be sensitively dependent on the degree of lgadin

At point D the observations are similar, again watharger share of suspended-load
transport for the larger waves of the present téstslescribed in the observations of
test 10, point D is one single point in tests wegular waves while it is spread over a
distance of about 10 cm in tests with irregular eawelman found a stable point D
defined in a single point in his tests with regulaves, directly below the point on
the outside of the filter to where the wave rung/do

At point E, Uelman describes the tendency of tlpeslto become horizontal during
the tests, and a lot of suspended-load transpdrisand eventually leaving the filter
for high loading situations. The same has beenrgbdan the present tests as well.

At point F, a small amount of transport is desatibeainly bedload transport. The
same was found in the present tests.

Point G, finally, shows no transport at all in batblman’s tests and the present tests.

7.3.2 Parameter relations
The parameters that can be compared are the erastan —length and —depth, in

relation to the dimensionless filter layer thicksn,mzi, which is 5,8 in all the
f50

present tests. Uelman compared all his tests 24@0 waves, which is different than

the 90 minutes after which the present tests armapemed. The parameters were

recalculated to represent the value after 2400 sva@emparisons are made for tests

1-3 because they have the same wave parameterglamiJs tests and test 4 to

compare the influence of irregular waves for whioblds: Hs =Heguiar and Tp =

Tregular-
Table 7-3 erosion parameters after 2400 waves far=5,8

Test As Lr/DfSO L, ds
number cm? - cm cm
1 210 20 8,5 3,5

2 190 22 15 2,7

3 195 22 13 2,8

4 67 20 14 1,0

Erosion area

For the present tests, the erosion area for te8tss 1210 cm, 190 cnfand 195 crh
respectively. For test 4 this is 67 tnffor Uelman’s tests, the erosion area should be
about 200 crhfor m = 5,8. For test 1-3, the differences are smatleoi5. In test 1,
erosion might be more because the sand might heee less densely packed as it
was built dry. For test 4, the difference is lardpe erosion area being about a third of
the erosion area expected from Uelman’s resulist #ewas done with irregular
waves, which apparently cannot be compared withlaegvaves whems =H equiar
and Tp = Treguaar- Figure 7-4 shows a graph of the relation betwientotal erosion
area after 2400 waves and the relative filter lajakness for Uelman’s tests, with
the reference tests for regular waves (tests 1n8)the reference test for irregular
waves (test 4) added. Tests 1-3 seem to fit nigellhe results of Uelman; test 4
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shows much less erosion. The spreading (deviafioms the expected value) of tests
1-3 seems to be in the same order as the spreafli'gman’s tests.

Erosion area vs relative filter layer thickness aft  er 2400 waves
reference tests 1-3 compared to Uelman's tests

450,0
A
400,0 = Reference tests 1-3
350.0 A Uelman's tests
& Test 4, Jonswap waves

300,0 A
D
250,0
a
200,0 \A'\

150,0 \\

As (cm”2)

100,0 TT——
*
50,0
0,0 T . : ; .
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m = df/Df50 (-)

Figure 7-4 comparison of tests 1-4 with Uelman’s &ts,As versusm

Erosion length

The relative erosion lengths andL,, are shown in relations witlm by Uelman; with
the expectations fom = 6 of L,//Dso = 20 andL;, =16 cm. For the present tests,
dimensionless erosion length is practically the savith values of 20 and 22, and the
relative erosion length 2 is a bit smaller, 13 focin, with the exception of test 1, for
which it is only 8,5 cm. Test 1 shows a differerdsgon pattern in both erosion area
and —length. Only the erosion depth is almost #mesas was found by Uelman.

Erosion depth

The erosion depths of the present tests are caabigesmaller than Uelman’s results,
except for test 1. Tests 2 and 3 have an erosipthd@®% smaller than Uelman, and
test 4 even 70% smaller. Test 4 was done with uleggwaves, and, as mentioned
before, cannot be compared with regular wave tdssts 2 and 3 give low values
compared to Uelman, but still seem to fit reasopafithin his results, as the data
through which his trend has been plotted have aWwatth of about 20% as well.

7.3.3 Conclusions of the comparisons

The erosion of tests 2 and 3 fits very well witlthre results of Uelman’s test series,
only the erosion depth is a bit less than woulcekpected. Test 1 gives results that
are further away from the expectations and alsanftests 2 and 3. The reason is
probably that the sand was either less saturatéebsrdensely packed as the structure
was built in the dry flume before test 1. The reswlf test 4 are clearly different,
indicating that when usinbls = Hregular and Tp = Treguiar, NO COMparison can be made.
The relations found by Uelman are affrmed when slaene waves are used, but
should be handled with care when different wavesl@ading the structure.
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The observations of Uelman show general consistevitty the present tests, with
small deviations in mainly the importance of onpeyf sand transport. The type of
transport is strongly dependent on the loadinghefdand slope. In general, when the
waves are larger in the present tests, or bettkroerl by the filter in Uelman’s tests,
the type of transport shifts from mainly suspen@eatt to mainly bedload. This effect
is similar to sediment transport under flow as diesd e.g. by Van der Gra4f
where bedload transport occurs when the flow-indusettom shear stress is larger
than a certain threshold value and where suspelodedtransport is added to this and
increasing when the shear stress increases further.

Regular waves lead to a clear sharp edge in thpe sl point A (eroding cliff) and to
a point D in a single point, whereas irregular weaspread the erosion at point A over
a larger area and spread point D over a largerageeell. The difference is due to the
fact that the irregular waves of the Jonswap specttnave varying wave heights and
periods, giving them varying run-up and rundowrelsv These levels determine the
points A and D and if the levels are different &ach wave, the specific point is also
different for that wave, resulting in a spreadifid\aand D for a series of waves.

37Van der Graaf (2005) [15]
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7.4 Relations between loading and erosion

In Table 7-1 (copied as Table 7-5) the erosion patars of all tests are shown, but
also different loading parameters can be distifgeds The irregular waves are from
the Jonswap spectrum, until now only specified vatisignificant wave height and
peak period, can also be studied by for instaneerdlot mean squared wave height
H/ms Or the mean wave heighi,, or the period by th&ny.1 owhich is an alternative for
the mean period. These values are shown in TaldleMany combinations between
loading- and erosion parameters can be made Wwithese data, the most interesting
are shown in the following sections.

Table 7-4 important loading parameters for all tess

Test Parameters H m0 Hm  Hrms T Tm-1,0 g regularity Duration N = Duration/ Tp

Number Variations m m”2 m m 5 5 (-) reg/irreg. min (-)
1 Reference 0,095 1,20 1,62 regular 90 4500
2 Reference 2 0,095 1,20 1,62 regular 120 6000
3 Reference 3 0,096 1,20 1,61 regular 180 9000
4 Irregular waves 0,090 0,00051 0,057 0,064 1,20 1,13 1,66 irreg-jonswap 180 9000
5 Varying H 0,071 0,00032 0,045 0,051 1,10 1,02 1,72 irreg-jonswap 600 32727
6 and N 0,110 0,00075 0,069 0,078 1,32 1,23 1,66 irreg-jonswap 90 4091
7 0,130 0,00105 0,081 0,092 1,39 1,23 1,60 irreg-jonswap 90 3885
8 Varying ¢ by varying T 0,081 0,00041 0,051 0,057 1,02 0,99 1,49 irreg-jonswap 90 5294
9 0,096 0,00058 0,060 0,068 147 1,38 1,97 irreg-jonswap 90 3673
10 0,097 0,00059 0,061 0,069 196 1,84 2,62 irreg-jonswap 90 2755
11 Swell waves 0,051 0,00032 0,045 0,051 300 3,00 5,52 regular 90 1800
12 Grading variation 0,090 0,00051 0,056 0,064 1,23 1,14 1,71 irreg-jonswap 120 5854
13 Varying H 0,044 0,00012 0,027 0,031 084 0,82 1,65 irreg-jonswap 420 30000
14 Varying H 0,148 0,00136 0,092 0,104 148 1,42 1,59 irreg-jonswap 90 3649
15 Swell waves low 0,030 2,00 4,76 regular 240 7200
16 tan alpha 0,090 0,0005 0,056 0,064 1,23 1,14 1,28 irreg-jonswap 180 8780
17 variation 0,090 0,00051 0,056 0,064 1,23 1,14 2,56 irreg-jonswap 90 4390

Table 7-5 copy of the erosion parameters

Test Parameters H T ¢  Erosion area 90 min La 90 min Lr 90min Lr2 90min ds 90min
Number Variations m S - cm”2 cm cm cm cm
Reference 1,62
2 Reference 2 0,095 1,20 1,62 231,97 75,24 60,45 14,79 3,08
3 Reference 3 0,096 1,20 1,61 279,73 73,80 60,64 13,17 3,79
4 Irregular waves 0,090 1,20 1,66 96,10 65,17 55,36 9,81 1,47
B Varying H 0,071 1,10 1,72 52,03 67,30 48,19 19,11 0,77
6 and N 0,110 1,32 1,66 159,50 68,21 55,58 12,63 2,34
7 0,130 1,39 1,60 257,22 87,87 66,02 21,86 2,93
8 Varying ¢ by varying T 0,081 1,02 1,49 56,09 61,27 53,59 7,67 0,92
9 0,096 1,47 1,97 133,26 71,44 53,45 17,99 1,87
10 0,097 1,96 2,62 194,73 76,72 58,85 17,87 2,54
11 Swell waves 0,051 3,00 5,52 206,97 73,39 56,11 17,29 2,82
12 Grading variation 0,090 1,23 1,71 94,56 64,92 55,89 9,03 1,46
13 Varying H 0,044 0,84 1,65 -2,52 0,00 0,00 0,00 0,00
14 Varying H 0,148 1,48 1,59 293,05 93,20 71,25 21,95 3,14
15 Swell waves low 0,030 2,00 4,76 35,70 72,20 53,48 18,72 0,49
16 tan alpha 0,090 1,23 1,28 56,11 80,49 72,14 8,35 0,70
17 variation 0,090 1,23 2,56 184,85 48,07 38,98 9,08 3,85

7.4.1 Erosion growth as a function of the number of waves

During the tests, the erosion area grows. Obseratshow that the growth-rate
decreases during the tests, but without reachiregaiiibrium state. Figure 7-5 shows
the erosion area growth as a function of time fbithee tests. Two parameters are
interesting for the growth: time and number of wavEhe difference between the two
is the wave period. An advantage of using the nundfewaves is that it is a

dimensionless parameter that is preserved in thEngcprocedures. To represent a
design storm, usually a storm of e.g. 1000 or 2480es is used, applying the number
of waves. Often the square root of the number ofesa/N is an important measure
for erosion processes. The erosion growth curvesnst® resemble a square root

131 Van Oord i




Erosion area (cm”2)
=
(o
o

Open filters in breakwaters with a sand core

function as well, and to come to a representatedation the erosion growth is

investigated as a function oN.
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Figure 7-5 erosion area growth in time during the ésts

Erosion growth related ta/N

—#— Test 1 R10120
Test 2 R10120
Test 3 R10120
—*—Test 4 J10120
—®— Test 5 J08107
" Test 6 J12131
Test7 J14142
Test 8 J10100
Test 9 J10150
Test 10 J10200
Test 11 R05300
Test 12 Wide grading
—®— Test 13 J05085
—t— Test 14 J16152
Test 15 R03200
Test 16 J10120 1in4

—— Test17 J10120 1in2

The erosion growth decreases as time progressegyadutest, and a good fit has been
found between the erosion growth arid. For all tests, the relation is linear, starting
from the origin. In other words, the erosion ar®a iconstant factor time&\ for all
tests. This factor is constant within the test, utnges for the different tests. Two
erosion growth curves are shown to illustrate #lation, for test 4 with a reasonable
fit and for test 10 with a very good fit. The otliests show comparing results.
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Figure 7-6 Asvs VN of test 4

Figure 7-7 AsvsVN of test 10

The results indicate thatd, 0+/N, with a constant factor that is different for each
test. No straightforward function for this factashbeen found.
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Analysis of the test results

7.4.2 Erosion area relations

The erosion area is of first interest as it is fire parameter to be calculated and an
important measure for erosion. It represents tka somount of core material that has
been moved from its original place. As a first $tud see what kind of relations

might be interesting, the erosion area is plottecsws the significant wave height
(regular wave height for the tests with regular eg)v

Erosion area vs Hs/ Hregular after 90 minutes

all tests
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Figure 7-8 erosion area versus significant wave lgdit for wave height variation tests

Wave height relations

In Figure 7-8 all the tests are included. The miogiortant tests to evaluate on the
wave height are naturally the wave height variatests (tests 4 to 7, 13 and 14) and
the reference tests 1 to 3 to see the differeneeasion between regular and irregular
waves. The wave height variation tests clearly shawlation with increasing erosion
for increasing wave height. This relation does se¢ém to be linear but rather a
second order function with a threshold value fa wiave height. In other words, for

the wave height variation tests with irregular wavé, O HZ*for: H > H, ... The

trendline in the figure shows the relation, in whibe tests with regular waves do not
fit.

Test 12 (wide grading) was added to Figure 7-8howsthat the wide grading does
not influence the erosion; the datapoint overlajith vest 4. Tests 11 and 15 (swell
waves) were added to show that relatively low wates 5 or even 3 cm) can give a
lot of erosion when the period is very large (2®t0 s). The swell waves do not fit
the other results in a wave height comparison catthg that the wave height is not
the only important parameter in the processes.pHmied variation tests and the slope
steepness variation tests are included to showthteatesults are consistent with the
other tests; the data points surround the trendifrtee wave height variation tests. It
is evident that the results do not fit this treretéuse the wave height has been kept
constant for all these tests. The results show attagr parameters like wave period
and slope steepness do change the amount of einsaaest.
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Using the root-mean-squared wave heightH

The erosion area seems to be related to the sqoateof the wave height. This
indicates that the underlying processes rely onwhage height in a second order
relation. The complexity of the processes prevemtsimple explanation of this
relation, however, considering the found relatiba second order dependence can be
assumed. The expectations of section 5.2 assumedaorder relation between wave
height and erosion area, based on the known refatfor armour stability. The
stability of armour stones depends on the directef® from the breaking waves,
dominated by turbulent processes. Test observatiatisate that for these tests, the
porous flow is the dominant forcing mechanism rathan turbulence induced by the
wave-breaking (see also section 7.6). Flow processeally have a lower order of
dependence on the wave height than turbulence gseseConsidering this, the found
squared relation seems more relevant than theoa-pxipected higher order relation.

Since a squared relation with the wave height seent®old for the irregular wave
tests, the root-mean-squared wave heldhis can be more interesting than thig,
because it is related to square values of the \haights as wellH;ms is the root of
the average of the individually squared wave haight general, in relations between
regular and irregular waves$jm (mean) is important for linear processébms is
important for squared-related processes &hdis important for higher order
processes. Therefoks is expected to be a better representative. Them@rarea is
plot versuHms to see if this assumption is valid for the wavehevariation tests.

Erosion area vs Hrms/ Hregular after 90 minutes
all tests
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Figure 7-9 erosion area versus root mean squared we height

Figure 7-9 shows the relation with.s. Indeed the comparison with regular waves
looks promising, the second order polynomial trereltouches the point of test 1 and
tests 2 and 3 are surrounding it closely. Agair@oad order relation gives the best
result. The values df,ns are lower than the values f of the same tests. Tests other
than the wave height variation tests do not fit blation, although they seem to lie
closer to it than in the relation with significawave height. The tests for which the
relation holds have in common that the Irribarremameter is the same, where it is
different in the other tests. The result indicdtes:

AOH, Z2for:H =H and: £ = const

threshold
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Analysis of the test results

To see the influence of other parameters and tb rifations for the not-fitting tests,
relations with the wave period and slope steepaesgivestigated next.

Wave period relations

For the wave period, first the peak period has hesea to study the relations. Tests 4,
8, 9 and 10 have been done within the wave pero@ton test series, and the results
are plotted in Figure 7-10 together with the reswit the other tests. The line is a
linear trendline through the data of the wave pkxiariation tests.

Erosion area vs Tp/ Tregular after 90 minutes

all tests
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Figure 7-10 erosion area versus peak period of theave period variation tests

The linear trendline is added to the results stheepoints seem to be linearly related.
It should be noted that the lowest point, testa®] b too low wave height in the tests.
In the period variation series, the wave height weyst constant at 10 cm. For test 8,
the resulting waves were relatively steep and ttevewmachine had difficulty
generating them, resulting inHg of only 8,1 cm where the other tests hadsaf 9,0

to 9,7 cm. If the wave height of test 8 would haeen the same as for the other tests,
the erosion area is expected to be about 30 to 4tighter based on the relations
found for wave height variations. This would put tiesult of test 8 close to the linear
line, or just above it. The other test series ¢feahow no coherence to the linear
relation. As expected, the wave period is not thdy ointeresting parameter.
Nevertheless, it can be seen that an increasing wariod increases the erosion area
as well. This holds for th&-variation tests, thél-variation tests as well as the swell
tests. A linear trend is visible for tests with seme wave height:

A OT, for: H=const

Using Tw.1pinstead of I

With the wave height relationkl,ms appeared to be a better parameter tharkor the

wave period, an alternative exists as well, The o This period is an alternative for
the mean period and is especially interesting foulde peaked spectra or other
complex spectra, as it is not dependent on the péé#ke spectrum. In the executed
tests, only single peaked spectra have been usegdrtheless it is interesting to see
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the influence of the alternative wave height on ifatance the comparison between
regular and irregular waves. Figure 7-11 showsébkalting relation.

Erosion area vs Tm-1,0/ Tregular after 90 minutes
all tests
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Figure 7-11 erosion area versu$m.10

The results do not differ much from the relationgthwhe peak period; regular wave
tests do not fit the relation, the relation itsédfes not look different, only the values
of the wave period have changed a bit. Based o fibure and the lack of a
theoretical reasoning to use another period tharptek period, no reason has been
found to do so. The peak period will still be used.

Slope steepness relations

Figure 7-12 shows the relation between the erasiea and the slope steepness. Only
the tests of the slope steepness variation sereesnaluded (tests 4, 16 and 17)
because the other tests all have a slope of 1:hande cannot show a sound relation.
The points are in line in the figure; the relatisrmlmost perfectly linear.

Erosion area vs tan(alpha)
variation of slope steepness
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Figure 7-12 erosion area versus tanfor only the slope steepness variation tests
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Analysis of the test results

There are a number of reasons for increasing arasih increasing slope steepness:

— The type of wave breaking is affected and the gneigthe breaking wave is
dissipated over a shorter distance on a steepge.skhe first reason, the breaker
type, probably has little influence as all threstéehave values af within the
plunging breaker area, be it that 2,56 of the ssefslope is close to the
collapsing breaker area.

— The second reason, the shorter dissipation distaacexpected to have some
influence, especially on the erosion length andptidebut actually not on the
erosion area. The waves dissipate their energy avemnger distance, which
would logically let the erosion length increase éimel erosion depth decrease, but
let the erosion area (the product of the other tweobout the same in size.

— Observation of the movies of the tests showed @&alte third reason for
increasing erosion with increasing steepness: tm&dntal component of the
filter layer thickness is much smaller for a 1:Bpd than for a 1:4 slope. This
horizontal layer thickness is thought to be verpartant since the waves travel
horizontally through the filter layer. The wave ditygle is damped in horizontal
direction as well; therefore the internal wave atogde in the 1:4 test is much
smaller than in the 1:2 test. The horizontal latyeckness is 34 cm for the 1:2
test, 47 cm for the 1:3 test and 62 cm for thetést. This varies a factor 1,8,
whereas the erosion area varies a factor 3,3 #®rsdme tests. The horizontal
filter layer thickness is expectedly important, buli not be the only reason for
the large variation in erosion area.

— A fourth reason is the fact that sand on a stegpeshas less resistance against
sliding down than sand on a milder slope. Gravigyph the downward directed
transport more effectively as the slope gets steepe

Altogether, four reasons have been found of whiehhorizontal filter layer thickness
and the gravity-effect on grains on a steep slopdhought to be the most important.
However, the question why the relation is in fanear cannot be answered by this
information. Result:A, U tana , for :H = const, and: T= cons
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Relations after 2400 waves instead of 90 minutes

The wave periods are not the same for the diffetests, so there is a difference
between the erosion after a fixed time span ancethsion after a certain number of
waves. To study this difference, the wave heighiatian tests are plotted versus
Hrms, @and the period variation tests ver3ysafter 2400 waves. Figure 7-13 shows the
wave height relation and Figure 7-14 the wave pergation. The graphs are very
similar to Figure 7-9 and Figure 7-10, which showe tsame relations after 90
minutes. The absolute values are different, butj@ased relation with a threshold
value for the wave height variations and a linealation for the wave period
variations are found here as well. No structuriedences have been found between
the relations after 90 minutes or after 2400 waves.

Erosion areavs Hms/ Hregular after 2400 waves Erosion area vs Tp/ Tregularafter 2400 waves
all tests all tests
300,0 3000
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.
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Figure 7-13AsvsHn,s after 2400 waves Figure 7-14Asvs T, after 2400 waves

7.4.3 Erosion length and —depth relations

The erosion length, the horizontal distance betwsEnt A and point D on the slope,
gives information about the spreading of the em®iger the slope. In the test results,
indications were found that points A and D aretesglato the run-up and rundown
locations of the waves. The erosion depth, theameethickness of the erosion area, is
defined as the ratio of the erosion area and ttsolate erosion length. It gives
information about the spreading of the erosion ali and is especially interesting as
an indicator of how much the filter layer mighttietiue to the erosion, for purposes
of maintenance of the structure. Relations betwbese parameters and the loading
parameters are studied in this section.

Absolute erosion length in relation to the wavegheéi

The absolute (total) erosion length is the horiabdistance between points A and D
as defined in the observations. From the obsemstibwas concluded that point A is
related to the internal run-up height of the higivaves and that point D is related to
the external rundown level of the higher wavespplidy abouHs. Considering these
observations, the significant wave height is expe&db be more interesting than the
root-mean-squared wave height. Both are showngargi7-15 and Figure 7-16. Both
relations show a relatively small variation in eomslength for the relatively large
variation in wave heights. No single relation cam drawn through either of the
figures data collections. In general, a higher wheght seems to induce a larger
erosion length. For the wave height variation te#is trend is clearest; the wave
period variation fits this trend quite well.
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Absolute erosion length vs Hrms/ Hregular after 90

all tests

minutes

(em)
*>
]

* Varying H, Jonswap

La

tests regular
4 Suell test 11

X Svell test 15
X Varying T, Jonswap

20,0

Wide grading, Jonswap
*+ Slope variation

0,0

0,000 0,020 0,040 0,060 0,080

0,100

0,120 0,140 0,160

Absolute erosion length vs Hs/ Hregular after 90 mi

all tests

nutes

120,0

100,0

.

80,0

¢ Varying H, Jonswap

La(cm)

60,0

¥ Reference tests regular|
4 Swelltest 11

40,0

X Swell test 15
* Varying T, Jonswap

20,0

® Wide grading, Jonswap
*_Slope variation

0,0
0,000

T T T T T T T i
0,020 0,040 0060 0080 0100 0,120 0140 0,160

Hrms/ Hre gular (m)

Hs/ Hregular (m)

Figure 7-15 Absolute erosion length vBl s Figure 7-16 Absolute erosion length vkl

The main difference between the relations wiih,s and Hs is the comparison
between regular and irregular wave tests. WHgR is used, tests 1-3 are outside all
the other data ranges. Wheh is used however, the points of tests 1-3 are @& th
middle of the range of the wave height variatiostse with whom they are to be
compared. The points are close to test 4, whichtih@sameHs as theHegular Of the
regular wave tests. As was expected, the signifizeave height is an important
measure for the erosion length. The large variaiiothe other test series (especially
in the swell tests) indicates that there is no gggiyevalid relation betweeh, andH.
The result of this analysists is an important measure for the absolute eroingth.

Relative erosion lengths Bnd L in relation to the wave height

The relative erosion length, is the horizontal distance from B to D, from the
intersection of the sand slope with the mean wigtezl to the lowest point of the
erosion area. The observations suggest that tlenattrundown level of the waves
determines the point low on the slope. Figure 7sh@ws the relation between the
relative erosion length and the significant waveghe Hs is preferred her and with
the relative erosion length 2 for the same reasonwith the absolute erosion length; a
better comparison between regular and irregularew#sts. Figure 7-17 shows a
result similar to Figure 7-16; no clear relationjyoa larger length for higher waves.

Relative erosion length vs Hs/ Hregular after 90 mi  nutes
alltests

Relative erosion length 2 vs Hs/ Hregular after 90  minutes
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Figure 7-17 Relative erosion length vBls Figure 7-18 Relative erosion length 2 vidg

Figure 7-18 shows a different image. The relatresien length 4., the horizontal
distance between points A and B or in other wofds length of the erosion area
above the mean water level, is shown verddusNot one single relation for all the
tests can be found, nevertheless a clear lineatioal can be found for the wave
height variation tests. The plotted line is a linegand through the points of the wave
height variation tests with irregular waves. Thige lalso crosses tests 1-3, indicating
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that again the significant wave height is importemtthe comparison of regular and
irregular wave tests. Like in the comparison betwemsion area and wave height, a
threshold value is found here and the tests haemsatant in common. Result:

L,O0Hfor:H 2H, 4.,.and:é = const

Erosion length in relation to the wave period

Relations between the different erosion length patars and the wave period give
no extra interesting information. A large spreadmmgyisible; only reasonable linear
relations for only the wave period variation tesé be found. The graphs are not
shown here.

Erosion depth in relation to the wave height andqee

The erosion depth is defined as the erosion arededi by the absolute erosion

length. As was found earlier in the analysis, thesien area depends on the root-
mean-squared wave height, while the erosion ledgfends on the significant wave

height. For the erosion depth, both are expectetdetamportant, with the largest

influence of the erosion area and thus the rootrysemared wave height. Both have
been tried but only the relation with,ms has been plot in Figure 7-19 to prevent a
total overload of graphs in this analysis. Result:

dOH for:H _=2H, . ,and:&= consi
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Figure 7-19 Erosion depth v s Figure 7-20 Erosion depth vsl,

Figure 7-20 shows the relation with the wave periddinear relation between the
erosion depth of the wave period variation testd #me peak period is visible,
although the other tests do not match this relatido match between regular and
irregular wave tests was found. The wave periomnjgortant for the erosion depth,
but not the determining parameter. Usiiig.1o instead ofT, does not make a
significant difference.

Variation in erosion length and —depth

The analysis of erosion length and —depth relatginsns that the variation in values
of the erosion length is only small compared to #resion depth or —area. To
illustrate this, Figure 7-21 shows the relationvestn the erosion area and the erosion
depth. A linear correlation is relatively strongittwan outlier on the right below the
line, from test 17 with the steep slope of 1:2, ebhleads to an extra large erosion
depth. The figure illustrates that the spreadingribsion length is small; the erosion
length is the erosion area divided by the —deptl,therefore the direction of the line
through the origin and the respective data pointhi figure. The points are almost
aligned, indicating that the values of the erod@gth vary only very little.
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Figure 7-21 Erosion area versus erosion depth aft&®0 minutes

Wave run-up and —down related to the erosion length

The observations of chapter 6 indicate that thesierolength is determined by the
wave run-up and rundown levels. To investigate, ttihie run-up and —down level of
the waves have been calculated using the commomufae as presented in
SchierecR®. In the table the values are presented.

Table 7-6 wave run-up and rundown parameters

Test Parameters H 4 regularity  La90min Lr 90 min Lr2 90min ds 90min ds 90 visual run-up rundown run-up+down
Number Variations m - regfirreg. cm cm cm cm cm m m m

Reference 0,095 e 0,14

2 Reference 2 0,095 1,62 regular 72,9 55,8 17,1 3,18 6 012  -0,02 0,14
8 Reference 3 0,096 161 regular 74,1 54,6 19,5 3,78 B 012  -0,02 0,14
4 Irregular waves 0,090 166 irreg-jonswap 67,4 52,0 15,4 143 45 0,14 -0,05 0,19
B Varying H 0,071 1,72 irreg-jonswap 67,8 57,4 10,4 0,77 25 012  -0,04 0,16
6 and N 0,110 166 irreg-jonswap 71,8 52,6 19,2 2,22 4 0,18 -0,06 0,24
7 0,130 1,60 irreg-jonswap 89,4 60,2 29,2 2,88 55 020 -0,07 0,27
8 Varying { byvaryingT 0,081 1,49 irreg-jonswap 63,3 51,7 11,6 0,89 25 0,12 -0,04 0,16
0,096 197 irreg-jonswap 72,4 50,1 22,3 1,84 35 0,18 -0,06 0,25

10 0,097 262 irreg-jonswap 77,1 52,1 25,0 2,53 4 0,24 -0,08 0,33
11 Swell waves 0,051 552 regular 72,6 55,9 16,7 2,85 4,5 0,10 -0,08 0,18
12 Grading variation 0,090 1,71 irreg-jonswap 67,2 55,2 12,0 141 35 0,15 -0,05 0,20
13 Varying H 0,044 165 irreg-jonswap 0,0 0,0 0,0 0,00 0 0,07  -0,02 0,09
14 Varying H 0,148 159 irreg-jonswap 98,9 62,8 36,1 2,96 6 0,23  -0,08 0,30
15 Swell waves low 0,030 4,76 regular 60,1 51,6 8,5 0,59 1 0,06 -0,05 0,10
16 tan alpha 0,090 128 irreg-jonswap 78,7 69,1 84 0,71 25 011 -0,04 0,15
17 variation 0,090 256 irreg-jonswap 54,1 34,2 91 342 6 016  -0,08 0,24

A relation between the run-up level and the re@agwosion length 2 and between the
rundown level and the relative erosion length atpeeted. The run-up and —down

levels are vertical distances and the erosion lengre horizontal distances, so the
slope and the filter thickness determine the déifice between the parameters.
Besides, the external run-up has been calculatberess point A depends on the
internal run-up level. No calculation method is ialge to calculate the internal run-

up in a good way, but internal and external lewelsst be related, so the external level
must be related to point A as well. The relatioresshown in Figure 7-22 and Figure

7-23 respectively.

The relation between the run-up dng shows a general trend with increasing for
increasing run-up, with a linear relation for thews height variation tests. The

38 Schiereck (2001), [42]

141 Van Oord i



Open filters in breakwaters with a sand core

reference tests 1-3 lie slightly above the line aspecially tests with high values of
are outliers (swell tests and test 10). Logicatgt 17 with the steep slope does not fit
because the slope influences the relation as sédtede. Test 16 with the mild slope
does fit, probably by coincidence. Result:

L, ORun-up for Rur ugp RufA YR, andg= cor

Relative erosion length 2 vs calculated wave run-up  after 90 minutes Relative erosion length vs wave rundown after 90mi  nutes
all tests alltests
400 0,0
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hd rs
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x —
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Wave run-up (m) Wave rundown (m)
Figure 7-22L,, vs wave run-up Figure 7-23L, vs wave rundown

The relation between the rundown dndshows no relation, as the valuesLofare
almost constant showing little variance over thedsteFurthermore, the calculation of
the rundown level is not very straightforward. Floe run-up level, a lot of research
has been done, resulting in good empirical formuwlétd reduction factors for e.qg.
rubble mound slopes as used in the tests. Howgwethe rundown, only a formula
for smooth slopes has been found. The rubble mdiied layer does influence the
rundown level significantly, as the back-flowing teraflows through and does not
hinder the new up-running wave as much as back-eer a smooth slope. Better
estimates of the rundown level of waves on rubbleund slopes could help the
understanding of the erosion length developments ™ill be treated in the
recommendations for further research.

A comparable relation for the absolute erosion tlengas studied but is not shown
here for it resembles Figure 7-23 closely, withighbr average value of the erosion
length.L, =L, + L2. Values ofL, are much larger than thoselg, so the spreading
of the latter has a relatively small influence ba total spreading.
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7.5 Existing open filter design criteria and Shield s

In the test results, a threshold value of the logdias been found below which no
erosion occurs. This threshold is expectedly titeal loading for a geometrically op
fiter that is still hydraulically sand-tight. Shis®® developed a method for
determining a critical velocity above which sandigs start to be transported by the
flow. The pores of the hydraulically sand-openefiliare so large that this Shields
criterion for open channel flow is expected to gpfased on the same assumption
and experimental research, geometrically open [(yelraulically sand-tight) filter
design criteria have been developed in the 1990is. findings are compared to the
found threshold of motion in the performed tests.

7.5.1 Comparison to open filter design formulae

Design formulae for geometrically open filters deisg but not for hydraulically
sand-open filters. The existing formulae are basedhe threshold of motion; the
gradient in the filter should not exceed a critivalue above which core material
starts to be moved. Klein-Bretef8rconstructed a practical graph for the design
(Figure 7-24) and De Gradwpresents a graph with comparisons between cadtlilat
results from De Grauw and measurements (Figure).7-25

:‘ R \ \ korrelgrootte S
T 'ET"KLQ - 5;1505_\.19\3 BNINIY | |basis (mm)
125 e \ 1 \ | N
IS TR T8O
parositeir filter (~) \\\'T\\_ 1‘ \\\:: |
A == L3 P \—\%%
LI L s oot = 2., D15
'E : / A 'U‘ [-] [mm]
faludhelling (-] y '___ 74 "'Lﬁ\ N
ot{)<O=sstromin % 4 L 8= 1465
el /4 \\\ﬂi“i“ﬁ?f”ﬁ‘i” v=12510"nls
ny=.39
) W
o fatl= /I{/‘}%cbl_s -3 i L= 5 lr 72 .

Figure 7-24 Open filter design criteria by Klein Breteler

In the graph of Klein-Breteler the critical paralteydraulic gradient is found from the
filter grain size or vice versa, following the dashlines with arrows. The grain size
of the bed material, the porosity of the filtere thlope steepness and the perpendicular
gradient are asked as input.

39 Schiereck (2001) [42]
40 Klein Breteler et al. (1990) [31]
“1 De Grauw et al. (1984) [16]
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Figure 7-25 Open filter design by De Grauw

Both use theDris, &, Dpso and Klein-Breteler alsdpemendicular and cot(e) as input,
resulting in the critical gradient,. The input of the used materials from the model
tests leads to & of 0,03 according to Klein-Breteler and 0,048 adany to De
Grauw. A comparison with the present tests can agenTest 13 showed no erosion,
only some movement for the highest waves in thetsp®, therefore the occurring
gradient should be in the order of the criticaldieat as calculated. No measurements
are available, but visual observations show thattfaximum internal setup (setup of
the mean water level) is about 1 cm, the run-doWwthe wave over the filter slope
about 1 cm, and the horizontal distance betweegetlp®ints 47 cm. The gradient
resulting from this is 2/47 = 0,042, which is weltbetween the calculated points.

0.06 , ny"D;"
n’D{? 1000D.>;
calculate the critical gradient, and gives the saesailt ofl,, = 0,042 as the measured
gradient in test 13This is a confirmation of the idea that a thregdhof motion is
present in the breakwater setup with hydraulicayd-open filter. As a threshold

value, the critical value of the existing desigitezia for geometrically open filters
can be used.

2
U*cr!

can be used to

The formula by De Grauw,l :[

A note should be made: the estimated gradient ftben test is not the parallel
gradient, but has an angle of about 15 degreesthatiparallel interface between filter
and core. The real parallel gradient cannot be rgbdeas no movement of sand is
visible. The difference is expected to be small.

Tests with a little higher erosion, tests 5 (JorsWa= 8 cm andl, = 1,07 s) and 15
(RegularH = 3 cm,T = 2,0 s), do have a higher occurring gradient,ualp09 from
visual observations. The amount of erosion foretests is limited, the smallest of all
the tests apart from test 13. Dependency of theuatmaf erosion by the magnitude of
the occurring hydraulic parallel gradient is exgelcafter these observations.
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7.5.2 Comparison to the Shields criterion

The Shields criterio}f gives a value of the critical flow at the threshof motion of
bed material. The used relations are the generaldshformula:

2 —2

T u. . u : .
W, = ; = and the applied formulad,;, = ——— . ¥ is a function
(p.-p,)od Agd PP T wac?f
of the particle Reynolds numberRas shown in Figure 7-26.
0.1 B
Shis ==
0.01
1 10 100 1000

Re.=u,d/iv —>»

Figure 7-26 Critical Shields parameter as functiorof Re-

For the used sand on a 1:3 slope, the criticalrsiacity u-c = 0,013 m/s, and the
critical average velocity in the filter ig; = 0,12 m/s, with as hydraulic radi&s= ry *
Dris = 0,011 m. To compare this with the occurring flgelocities in the tests, the
movies of test 13 have been observed. Test 13gimdyed some sand movement for
its highest waves, in other words it should be adotne threshold of motion as meant
by Shields. Flow velocities in the filter could ruw¢ measured; therefore an estimate is
made using the amplitude of the internal wave. fb@ght of the internal wave is
about 1,5 cm for the higher waves of the test, Wwimeans with a sine-wave approach
the water level runs up and down with a maximunoeigf of 0,055 m/s, so the
occurring filter velocity is lower than the Shieldsiterion suggests. However, the
average velocity through the filter is lower thdre tvelocity in the pores, which is
acting on the sand grains. The average pore-vgloai be estimated by dividing the
average filter velocity with the porosit¥pore;max= Urmadny = 0,13 m/s, in fact very
close to the found Shields velocity. The visualineste is not very precise;
nevertheless the outcome is quite good. The desi@s for geometrically open
filters, which gave a similarly good result for ttt@eshold parallel gradient in the
filter, is, through another method, based on tlitecal shear velocity and thus on the
Shields criterion as well.

The Shields criterion for flow seems to apply agheeshold of motion for the
transport of sand grains for the filter velocity tine pores, caused by the internal
wave.

7.5.3 The threshold of motion explained
The comparisons of the test results with the exgstiesign formulae and with the
Shields criterion show that indeed for the very rogidter as used in the tests a
threshold value of loading applies that coincideghwhe geometrically open,
hydraulically sand-tight filter criteria.

2 Schiereck (2001), [42]
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7.6 Turbulence-dominance or porous-flow-dominance

Breaking waves generate a lot of turbulence, whsclinked to the stirring up of
sediment in the swash zone by various researchegenerally existing idea is that
turbulence from breaking waves can stir up sanghénswash zone on a beach-coast
and keep the sand in suspension, by which onlyal smrrent is needed to transport
the sand. The small current would not be able ¢&-pp the sand itself, as the shear
stress on the grains would not exceed the threstfaldotion. In the present study, a
layer of stones lies between the direct wave actioth the sand, reducing the wave
loading. The question remains whether the turb@egenerated by the breaking
waves is still the dominant forcing mechanism oattlthe parallel porous-flow
running through the filter layer is dominant.

Turbulence intrusion

Movies were made of the tests with close ups ofimgrinteresting areas. For test 4,
the reference test for irregular waves, close upth® wave-breaking on the filter
layer have been studied for the intrusion of tuehak generated by the waves. It is
clearly visible that a lot of air is entrained metplunging breaker-jets of the waves,
leading to a lot of small air bubbles in the upsing wave front. In the upper part of
the filter layer, a part of these small air bubbkesstill visible, indicating that the
breaking-wave turbulence is still active in thigtpdlowever, lower than aboutso
(estimated) inside the filter layer, no air bubblem/e been seen, and the internal
water level only rises quickly with a large gradi&nom the outside of the filter layer
(high) to the core-interface (low).

Parallel porous flow and parallel gradient

The water inside the filter layer runs up and dawe sand-slope of the core. The
internal water level runs-up very quick and rundawakes much longer. As described
in section 6.2.1, an internal setup of the wateellelevelops because more water has
to flow through the filter during rundown than dwgi run-up. The internal setup
contributes to the parallel hydraulic gradient, ethdrives the down-running porous
flow.

The rundown-time is up to % of the wave periodyieg only % for the run-up.
During run-up, the water reaches a high speed f@rga short time, picking up small
clouds of sediment into suspension. It looks likdtilence has a part in this, since the
sediment does not flow parallel to the slope, begadts the slope under an angle or
with a circular movement. This turbulence, howewkres not seem to be caused by
the wave-breaking, but rather by the local higtwfieelocities. The flow acceleration
is locally high. During rundown the flow does ruarallel to the slope and has time to
build up, pick up sand (first as bedload and &ftat as suspended-load if the velocity
is high enough) and transport the sand downward.

Altogether, the accelerating flow seems to be damirfor transport during run-up,
where the gradient-induced, steadier parallel psrdlow is dominant during
rundown. For the erosion, the rundown and therettoegparallel hydraulic gradient is
expected to be dominant. These observations affimexpectation that the amount of
erosion depends on the gradient, explained in@edib. 1.
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7.7 Dimensionless parameter relations

The relations between loading and erosion fourgkction 7.4 give interesting results
indicating dependencies of erosion parameters otaiceloading parameters, but
always with either a very poor correlation, or @cstimitation for e.g. one test series.
One parameter that seemed to be important inghlisei Iribarren numbe&rwhich is a
dimensionless combination of wave height, -lengtll alope steepness. In chapter 4,
dimensionless relations have been constructed thiéh relevant parameters in a
dimensional analysis. Furthermore, observations andlysis of the threshold of
motion indicate that the parallel hydraulic gradienanother important parameter. In
this section, these dimensionless parameters agktosfind more generally applying
dimensionless relations between loading and erosion

7.7.1 Relations with ¢§

The surf similarity parameter or Iribarren numhgris the ratio of the slope steepness
2

tana : T
and the square root of the wave steepnéss;—— with L, = g . It has an
JH/L, 2r
important influence in many wave-breaking relatedcpsses and is studied as an
interesting parameter because it appeared as atioonsh a number of the found
relations.£ has been kept constant in the wave height vaniaists, but changes in

the period variation tests. In Figure 7-27 the emsarea is shown versusfor all
tests.

Erosion area vs § after 90 minutes
all tests
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- < Varying H, Jonswap
- " Reference tests regular
2500 : 4 Swell test 11
X Swell test 15
A
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+ ) .
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2 X
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Figure 7-27 erosion area versug

The figure shows three clear directions of the @at@ading, one with an almost
constant?, one for the wave period variation tests and dnbeahighé-values of the
swell tests. Clearly¢ is not the dimensionless parameter that formsctmmection

between all tests. It will be used in other relasidurther in the analysis as part of a
solution.
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7.7.2 Relations from the dimensional analysis

In section 4.1, dimensionless parameter combinaticave been formulated of which
the following were expected to be interesting fog &nalysis:

A d D, tana p, VOHD

=F{— —2, , ,
HgT? D, D, [27H p, U
gT*
d REGL
A —plin 2 D tana b, FIIN M mg P R
HoT D,'D, 2 p v f s
9T’

2

The first relationgll—S = F{: gc;l' tana} was expected to be an interesting basis
f f f

for the comparison of erosion and loading. Figu287shows that this is clearly not

the case; the data are spread in two directionsadotiof data have the same loading

parameter like the wave height, but a very différerosion depth. Other relations

have to be found that combine the influences déiht parameters in one.

ds/df = F{Hs/df; gT"2/df, tan a}
from the dimensional analysis
180,00
. L 4 A
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Figure 7-28 graph of the relations from the dimensinal analysis
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d D. D; di H JgHD,
The second relatior =F{—2,— —" —— »tany & L , was expected to
H H H H gT £, v

give more insight in the erosion process.
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Figure 7-29 shows one of the resulting interestalgtions.ds/H;ms Shows a tendency
to increase with an increasing Reynolds numbereHlee Reynolds is expressed as

Re =V9HD, | All tests, including those of Uelman, have besedifor the figure. The
U

correlation is poor and only the tendency for aipp@srelation seems relevant from
this graph. Figure 7-30 shows another relatyt,ns versusDsso/Hims for only the
wave height variation tests and the reference te&tsA mirror image of the direct
relation between erosion and wave height appeatstengraph is dominated by the
same parameters, in a different ord@go is constant for these tests. The same graph
with other values on theaxis appears whety/H,ns is plot versu®ypso/Hms OF versus
di/Hms for the same tests. These are all basically theesgelations, sincBsso, Dpso
andd; all three are constant within these tests. Expanthese three relations to the
other tests leads to three uncorrelated cloudimt® The relation withH/gT? gives
no correlation, tasm has only been varied in two tests and the denaitip has not
been varied at all, not leading to interestingtretes for all three. The main result of
this part is an increasing dimensionless erosigritdfor increasing Re.

The fourth relation,

d JgHD
A cpliN D Dy tang P NOED el Nm 2 me e Re, s
HgT Df Df 2+ pW v Df pW
gT’
the next interesting combination since the thildtren is exactly a part of this. In this

2
analysis, L, :gzl is used instead afT? because the wave length has more physical
Vg

meaning and the difference is only a constant fa¢tor N, a square-root relation is
expected as was shown in section 7.4.1.

The dimensionless parameters used in this equatienshown in Table 7-7. The

values oflnad(HrmdHs) are used in the next section. The values of therdulic
gradient,| nax, have been estimated from the movies of the testthe present tests as

149

Van Oord i



Open filters in breakwaters with a sand core

well as Uelman’s tests of which movies are avadladd well. The gradient is defined
as the vertical distance between the internal qrpoint and the external rundown
point divided by the horizontal distance betweeosth points. This is not the exact
parallel gradient but will resemble is closely &dsithe head difference over the
horizontal difference at the moment the internavevas at its highest point.

Table 7-7 Dimensionless parameters of all tests

Test Parameters As/Hrms*LO Imax Imax*(Hrms/Hs) N 90min Df/Db m =df/Df50 § wave-Re
Number Variations - - - - - (-) (-) -
2 Reference 2 0,109 0,14 0,14 4500 144 5,77 1,62 18872
3 Reference 3 0,130 0,14 0,14 4500 144 5,77 1,61 18971
4 Irregular waves 0,067 0,12 0,09 4500 144 5,77 1,66 15485
5 Varying H 0,054 0,09 0,06 4909 144 5,77 1,72 13761
6 and N 0,075 0,15 0,11 4091 144 5,77 1,66 17069
7 0,093 0,17 0,12 3885 144 5,77 1,60 18547
14 Varying H 0,082 0,20 0,14 3649 144 5,77 1,59 19780
13 Varying H 0,000 0,04 0,03 6429 144 5,77 1,65 10777
8 Varying ¢ by varying T 0,060 0,11 0,08 5294 144 5,77 1,49 14663
4 Irregular waves 0,067 0,12 0,09 4500 144 5,77 1,66 15485
9 0,058 0,14 0,10 3673 144 5,77 1,97 15947
10 0,047 0,16 0,11 2755 144 5,77 2,62 16072
11 Swell waves 0,029 0,18 0,18 1800 144 5,77 552 13772
12 Grading variation 0,063 0,12 0,08 4390 144 5,77 1,71 15441
15 Swell waves low 0,019 0,09 0,09 2700 144 5,77 4,76 10605
4 Irregular waves 0,067 0,12 0,09 4500 144 5,77 1,66 15485
16 tan alpha 0,037 0,07 0,05 4390 144 5,77 1,28 15433
17 variation 0,123 0,19 0,13 4390 144 5,77 2,56 15440
Evert3 Uelman's 0,086 0,13 0,13 4500 100 8,33 1,62 13065
Evert 4 tests 0,053 0,10 0,10 4500 100 11,11 1,62 13065
Evert5 0,123 0,18 0,18 4500 100 5,56 1,62 13065
Evert 6 0,162 0,13 0,13 4500 183 4,55 1,62 23953
Evert 7 0,194 0,18 0,18 4500 183 3,03 1,62 23953
Evert 8 0,170 0,14 0,14 4500 233 3,57 1,62 30486
Evert9 0,273 0,16 0,16 4500 233 2,38 1,62 30486

Two of the relations are shown in Figure 7-31 amgufe 7-32.AJ/(Hrms*Lo) versus
Imax Shows a cloud of points with little cohesidw/(Hrms*Lo) vS Re, the other relation,
shows a trend very similar to Figure 7-29: Incregseérosion for increasing Re. It
should be noted that this Reynolds number is netetkact Reynolds number inside

the pores, because the velocity used for it isim@pore velocity, but/gH .

As/(Hrms*L0) vs Imax As/(Hrms*L0) vs Re
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The other relations between parameters of this awatibn show less correlation. The
studied relations are combinations between thehkftd term and one of the right-
hand terms. The left-hand term, in this cas&H/ms*Lo), is actually expected to
depend on all the terms of the right-hand sidéhefdquation. The analysis done here
is interesting to see influences of single terrhg; mext step is to find combinations
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that are generally valid for all tests. The nexdtise presents the relations that have
been found with the available data. These relatayasnteresting for design purposes.

7.7.3 Combined relations

The former section shows relations between dimefess parameters found in the
dimensional analysis. In this section combinati@me shown, the influence of as
many relevant dimensionless parameters as posiikén into account. A shear
infinite number of empirical relations can be thbugf and tried. Here, the partial
results as found in the analysis so far are usecbtoe up with relations that are
expected to have potential, with some adjustmehpowers of terms to give the best
fit. Not all results are shown; only results leaggio useful relations interesting for the
understanding and design of breakwaters with opkersf on a sand core are
presented. Two interesting results have been founel from the reasoning above and
one from further curve fitting.

I'ms; USING a substitute for the root-mean-squared geadi

The parallel hydraulic gradient, shortly called djemt, was estimated from the
movies. For this, the maximum observed value wasl ukiring a relatively short part
of the tests for which the camera was zoomed ithatright area. This value is
expected to resemble the gradient that relatelsesignificant wave height, being the
wave height that is usually observed in a visuaewbation. During the observation
period, this can very well be the maximum wave hgigs the absolute maximum
will occur maybe only once or twice during the widést. The significant wave
height is the average of the highest one thirdhef waves. The gradient that was
observed and probably related to this wave has lmedled |, the maximum
gradient. It was found in the analysis that thet+mean-squared wave height rather
than the significant wave height dominates theieroprocess and as such is related
to the amount of erosion. For this reason, it iseeted that a gradient related to the
Hims is a better representative of the loading that@es$ a total amount of erosion.
The root-mean-squared gradient could be estimayedblserving all the individual
gradient levels and taking the root-mean-squarthade values. This is not possible
as the movie material does not allow this and wdiddvery time consuming if at all
possible. As an alternative, the fouiRgk has been multiplied with the ratio Bifnd/Hs

to find a representative for the root-mean-squayedlient. This gradient has been
called Iyms = I max*HmmdHs, although it should be noted that is not the olesroot-
mean-square of the occurring gradients. Resultsvghat this value indeed gives a
clearer relation between erosion area and loading.

The best result found from the partial results

The partial analysis of dimensionless parametatiogls shows increasing erosion for
increasing |, increasing Re, decreasing, increasingVN, increasingD#D, and

D
Irms\/ﬁ_f Re
& |:| Db
Hl‘mSLO mg
from these results. This relation is shown in Fegdr33 to illustrate the reasonable
agreement of all the data points (all tests incigdidelman’s) to it. The four points on
the right-hand side of the figure are four of Uetisatests, with a high openness of
the filter, the highest point on the far-right i Welman’s test 9, with the thinnest
filter layer and the largest stones giving the tleasluction.Dsso/Dpso = 233 for this
test.

decreasing. A relation with the form of

would be expected
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As/(Hrms*L0) vs (Irms YN*Df/Db*Re)/(m*xi)
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Figure 7-33 Relation between erosion area and grasht from the partial results

To further investigate the process and to come itp @& useful relation, various
combinations of parameters have been tried. Thé fessilt found from this is the
relation shown in Figure 7-34, with a linear lineadwn through it. Most of the
measurements lie below this line, to get only alspwssibility that erosion exceeds
the found value. In this relation, RBi/D, and¢ have not been used. The gradient,
however, is not independent of these parametersinfluence of the three mentioned
parameters is expected to affect the erosion thrdlug gradient. Re as it is used here
is mainly a function of wave height and filter graize, the openness of the filter is so
high that the porous flow transports the sand dswere open channel flow and is
only affecting the flow through the gradient afidslope steepness/ wave steepness)
increases or decreases the gradient.

As/(Hrms*L0) vs ((Irms YN)/m)
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Figure 7-34 Dimensionless relation between erosi@rea and gradient
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The relation shown in the figure (pink line) yields

A :o,1a/|rmsﬂ - 0,0¢,
HrmsLO m

The relation between the gradient and the parasiételepends on is still open for
further research as no good relation has been fgand

The best result found by curve-fitting

Observations of the tests showed a large influexidke parallel downward porous
flow velocity on the sand transport. The paralletqus flow is driven by the parallel

hydraulic gradient in the filter layer, which hagem estimated for all the tests,
including Uelman’s, from the movies that were maddeng the tests. The values are
shown in Table 7-7. The relation presented hefégare 7-35 is the result of further

elaboration on and curve-fitting of the above rnelat(Figure 7-34). The same

parameters have been used with different powelisttoe measurements better.

Erosion area vs hydraulic gradient
all tests
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Figure 7-35 Alternative dimensionless relation beteen erosion area and gradient

Figure 7-35 shows the relation with the solid lasesa recommended line with most of
the data points lying below. The erosion area \sddd by the wave height and —
length, to get a dimensionless parameter thateg e amount of erosion directly to
the wave characteristics. The gradient was mudiipltiy the number of waves because
erosion grows with it, and divided by the relatfifeer layer thickness since a thicker
filter gives less erosion. The power of 0,2 wasnfby optimising the fit. A fifth
order relation between the velocity and the amaainsediment transport under
currents is found as well when elaborating the EngkHansef? formula for total
load transport under currents, suggesting thafiftheorder relation between gradient,
which is partly linearly related to the velocitynda erosion, which is the integrated
transport, might be valid. In formula form, theiddine in Figure 7-35 is:

*3Van der Graaf (2005), [15]
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0,2
A :o,zl(hmsﬂJ - 0,4
HrmsLO m

This formula has the best fit with the test datd antherefore recommended as the
most useful formula for design purposes. Cautiotin wie application of it is needed

because the relation has only limited physical @xalion and only a theoretical

analysis of occurring scale effects has been peddr Scale series tests will be
recommended for further research. Besides thessidemations, three remarks have
to be made on this formula:

— The hydraulic gradient is difficult to estimate etitly from the wave- and
geometry characteristics, making the formula difitidco use. A good relation
between gradient and loading parameters still hvdetdeveloped.

— The wave height and —period have influence on lsies of the equation;
directly on the left-hand side and through the gnaidon the right-hand side. This
is not an ideal situation, but not a real probl&xamples of proven formula with
the same drawback exist, e.g. the well-known VanMeer equations for the
stability of armour layers.

— The grain size of the core material is not in tberfula, although it is evidently
important for the transport of it. It was not varig the tests, so no predictions
can be made for other grain sizes based on ttasiaelalone. The threshold of
motion has been related to the grain size throlghShields criterion, but the
amount of transport above this threshold remairetain without some form of
scale-testing.

7.7.4 Found relations and remaining uncertainties a  fter analysis

To give an overview of all the relevant relatiohattwere found in this chapter, the
relations are listed. First the dimensional relasioof section 7.4, then the partial
dimensionless relations of sections 7.7.1 and 7.&# finally the combined
dimensionless relations of section 7.7.3 are listaar explanation and background
information, the reader is referred to the respedection.

Dimensional relations between loading and erosion

The relations with dimensional parameters lead kot @f conditional relations; it is
valid for only a certain number of tests for whibtle conditions apply.

A 0N

AOH, 2for:H, .= H ;. .n0eand: & = const

A OT, for: H = const

A Otana,for :H =const, and: T= cons

L,O0Hfor:H 2H, ,.r,and:é = const

dOH, foriH 2H, . ...and:= consl

L, ORun-up for Rur ugp RufA YR, ang= cor

Dimensionless relations from partial parameter camabions

These relations did not result in consistent foaeulbut did affirm that the
combination of dimensionless parameters from theedisional analysis is interesting:
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Combined dimensionless relations
Combinations of the dimensionless terms lead ta¢hsoning that a relation with the

D
| NN Ff Re
form of A 0 . shoul
rms —0
d give interesting results. The results are:
A 0,1 Irmsﬂ - 0,0¢and
Hl‘mSLO m
0,2
A :O,Z{Irmsﬁj -0,4
Hrms m

The former has the best physically founded reagpnire latter the best fit to the test
results.

Remaining uncertainties after analysis

Interesting relations have been found, however sgmestions remain after the
analysis of the test results.

— The parallel hydraulic gradient is important foethrosion process. The way it
depends on the loading parameters and structurahyeers still has to be found
in further research.

— Scale effects have been analysed theoreticallg. itowever uncertain how this
type of structure will exactly behave on a largeglle because the analysis could
only be done with the available information of xeat but yet different
situations.

— The grain size of the core material has not beeled/ian the tests and it remains
uncertain how the amount of erosion will be affdcbyy another grain size. For
the threshold of motion this can be calculated gisire Shields criterion or the
easier applicable design criteria for geometricalien filters, but for the amount
of erosion it remains uncertain.

— Other interesting parameters such as Structuralllayariations, oblique incident
waves, (longshore sand transport), breakwater haadt/ berm stability and tidal
variations will practice an unknown effect on threston process and study of it
will be recommended for further research.

Conclusions and recommendations will be treatethéurin Chapter 8.

155 Van Oord i



Open filters in breakwaters with a sand core

7.8 Up-scaling to a possible prototype

In the model tests, the highest waves hadHaof 16 cm, whereas in real situations,
the design wave height can be in the order of Itan, depending on the location and
circumstances. A theoretical up-scaling of the nhtodeapplied to show some
possibilities and to indicate a range of loadingidiions for which this type of
breakwater setup is interesting.

7.8.1 Up-scaling with general Froude scaling factor s
As was pointed out in section 4.2, the Froude isgdiw is the most important for
this structure-type. When Froude scaling is applietscous effects and air
entrainment effects are expected to cause scaetefdf up to 10 % in the penetrating
wave height. Froude scaling implies that all lendimensions are linearly scaled,
with a factor that is the square of the time s¢ad¢or.

Table 7-8 scaling with fixed Froude scaling factors

Scaling: model () prototype nL =20 prototype nL = 50 prototype nL =100

Db50 0,00018 m 0,0036 0,009 0,018
Df50 0,026 m 0,52 1,3 2,6
df 0,15 m 3 7,5 15
H 0,1 m 2 5 10
T 1,2 s 54 8,5 12,0
Hmoderate 0,05 m 1,0 2,5 5,0
Tmoderate 0,85 S 3.8 6,0 8,5
Hextreme 0,16 m 3,2 8,0 16,0
Textreme 1,52 S 6,8 10,7 15,2
LO 2,25 m 45,0 112,5 224.9
As 0,01 m"2 4,86 30,39 121,55

Table 7-8 shows the results for three length staad®ors: 20, 50 and 100. All length
scales are multiplied by these factors; the wavdoge the only time scale, is
multiplied with the square root of the factor. Tiaetor of 100 was chosen for it was
used as a reference factor for some calculationthéntest program. The results,
however, show unrealistic values for the grainsifater thickness and erosion area.
Waves of 16 m are in fact extremely high, and ttyipe of structure is not
recommended for such extreme conditions. The lofaetors give slightly more
realistic values, the factor of 20 the most reilistith a filter thickness of 3 m with
Dtso of 0,5 m. The problem with this theoretical prgy is that the grain size of the
core material of 3,6 mm, lies outside the rangeawfd. The use of sand was one of the
basic principles of the whole setup; therefore ethes prototype is of little value. A
different scale factor for the sand than the oVele factor is necessary. The effect
of this distorted scaling is not exactly known getindicated in section 7.7.4. further
research has to validate the found relations feramount of erosion for large scales
and different grain sizes of the sand.

7.8.2 Up-scaling for two layers from core to armour to loading

In the tests, only one single layer of stones wssduto keep out the complicating
hydraulic effects of a double-layered system. Hoavean armour layer on top of the
filter layer will be necessary in some cases toagetalistic design. The large armour
stones keep the filter in place; the filter reduttes wave loading far enough to limit
the core-erosion to acceptable values. Now thetstre can be scaled as follows:
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- n =5, soDpsp = 0,9 mm, still in the range of sanbs, = 130 mm to keep the
same openness of the filter, add= 0.75 m, to keep the sanme A standard
grading of 80/200 mm could be used as filter matéoi meet the requirements.

- On the filter, an armour layer is placed. Using fregzaghi filter ruIe% <5
f85

(Da is the armour grain sizelith Dsgs estimated to be 150 mm, leads tB4as of
0,75 m, and ®asp of about 0,9 m, the nominal diameterfaso = 0,75 m and a
weight of Wasp = 1100 kg. A standard grading of 1000/3000 kg ddag applied.
The thickness of the armour layer is recommenddakt@ timeD,aso instead of
the usual 2 times, because the filter layer wittlsedue to the erosion of core
material and the armour layer has to follow thifodmation without weakening.
Because of this thicker layer, a relatively highmdae level is accepted in the
wave height calculation.

- The waves that can be handled by this armour layerestimated using the van
der Meer equation for plunging breakers, witlk 1,65;Dn50= 0,75 m;P = 0,5;S
= 5; N = 3600 and! = 1,62. The resulting maximum critichlk = 3,24 m. The
corresponding period i§, = 6,8 s.

— The amount of erosion that would occur is the naiffitult part to estimate. The
total layer thickness of filter and armour is 0;#3 * 0,75 = 3 m. The wave run-
up over the slope is 3,6 m, calculated with formalsb in Schiereck (2001), with
Hms = 0,71 * Hs = 2,3 m. The internal run-up is expected to betines this
value, as found in the model tests, leading tom,4The rundown is calculated
with formula 7.18 (Schiereck) to be 1,2 m over #gimour slope. The gradient
over the armour/filter layer is thesh/dax = (1,4m + 1,2m)/(9,5m + 3*1,4m) =
0,19. The relation found in the analysis in Figure/-35,

0,2
H'Ag =0,21(|rm57’:j - 0,4 leads to a total erosion area of the cross gectio
of the core of 3,5 A with the above used values amd= 6. The total erosion
length is estimated as the horizontal componenthefinternal run-up and the
external rundown: (1,4+1,2)*3 = 7,8 m, leading toeaosion depth of 3,45/7,8 =

0,44 m.

— The threshold wave height below which no erosiorexpected, is calculated
backwards in the same way as the erosion areantp&allms = 0,042 andHs =
0,15 m.

Armour DA50=0,9m
Filter Df50 = 130 mm

Slope =1:3

Figure 7-36 sketch of the scaled-up prototype

For this calculation, the core has been scaledg@ia size within the sand range, the
filter has been scaled with the same factor, theoar has been added with the
Terzaghi rules for geometrically closed filterse tbore-erosion after 3600 waves that
can just be handled by the armour has been calcliaith the relation found in the
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analysis and the threshold wave height has beenlatdd backwards with the same
relation. The result is a structure with only oiteerf layer between the armour stones
of 0,9 m and the sand of 0,9 mm. Waves with a Saanit height of 3,24 m can be

resisted by the structure, leading to 0,44 m o$ierodepth after 3600 waves. This all
seems interesting; the drawback of the presentaxlitas the threshold wave height
value of only 0,15 m. Higher waves are expectedite some erosion, so this layout
is in fact only interesting for a structure in aladnivave climate or a situation where
erosion can be accepted in the normal conditiommsceSno equilibrium has been

found in the tests, this last option is not recomdable without more knowledge

about long-term behaviour of such a structure.

The relation that was used for the calculationhs érosion has to be handled with
care; as indicated in section 7.7, the grain sfzéhe core material is not in it, which
can cause errors. The grain size in the prototypa&rger than in the model, therefore
an overestimation of the amount of erosion is etgukcScale effects as studied in
Chapter 4 also indicate that the erosion is oveneséd slightly. Still no good way of
calculating the occurring gradient is available.

7.8.3 Up-scaling with the Shields criterion

Using the method found in section 7.5.2, a thrasivalue of the wave height for no
transport was calculated for the up-scaled prowtysing the same filter parameters
as in the two-layer up-scaling above, but with leeffiof 2 m thick, the result is a
maximum pore velocity of 0,17 m/s and a maximumrage filter velocity of 0,07
m/s. The maximum allowed amplitude of the intemvale at the interface that gives
this velocity is about 1 cm. The problem is to oddte the external wave that drives
an internal wave of 2 cm higiH(= 2 * ampl.). Using the method presented by
Helgasofi* for the exponential damping of pore pressuresdasiubble mound
structures and as input the amplitude of the ertewave, the amplitude of the
internal wave at the core-interface has been aedl The expression
2
IS P (X) = poymaxexp[—di—]'T x} ,with_d= 0,014 Hnt ,with L’ = 0,83 andb is the

horizontal filter layer thickness, 3,13 timésfor a slope of 1:3. With as input the data
of test 13, it results irampl,, ( X = amp} .. exp[- 2,989}, leading to an amplitude

of 0,0075 m at the interfacex € 0,47 m) from an impute amplitude of 0,03 m. In
other words, a wave of 6 cm height results in @erimal wave of 1,5 cm high. The
same was estimated from the observations; 1,5 temial wave height for the higher
waves of the spectrum (about 6 cm). The intentias % use this relation for the up-
scaling of the threshold wave height to a largealest prototype, however, no
reduction was found for a thicker filter because itcrease ox is countered exactly
by the decrease df by the higheb. This method does not work for the up-scaling
procedure. It is expected that a thicker filter sloeduce the internal wave height but
the extend remains uncertain. No good estimatd®iiaximum wave height can be
made based on this method with the available knibyde

“Helgason (2004), [21]
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7.8.4 Conclusions after up-scaling

Three attempts have been made to scale-up the nmeskeresults to a prototype
situation. Two main problems prevent successfuscgiing:

— The core material sand cannot be scaled with theratlvscale factor. The
distortion has not been solved with the availablevidedge yet. The effect of
sand-scaling on the amount of erosion remains tainer

— The relation between the hydraulic gradient and wase height, wave period,
slope steepness, filter thickness and grain simeaires unknown. This relation is
necessary because it is the dominant loading pdearfoeg sand transport and the
input in the found design relations.

For these reasons no good up-scaling can be ddrme.p®tential of this type of
structure is not represented in a good way bydhkied scaled-up prototype examples.
Further research will be necessary to resolve thesglems.
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7.9 Evaluation of the analysis

After the analysis, an evaluation is relevant te ge¢he expected relations on which
the test program was based have been found ineite &s well and to see if the
findings of the analysis answer the questions aradsgof the objective.

7.9.1 Evaluation of the expected relations

In section 5.2, the expected relations betweeningaaind erosion are given. After the
tests, they can be compared to the measured redatio

Wave height relations

It was expected that the erosion area would b¢eklm the wave height to the power
3: As ~ Hs°. A quadratic relationship between the erosion amed the root-mean-
squared wave height was found in the reswits~ Hme. For the erosion depth, a
relation of an order lower was found than expeeteavell:ds ~ Hms was found where
ds ~ Hmd was expected. For the erosion length, the expdictear relation was found
indeed, be it that the relation for was not very clear, but fdr, it was.L, ~ Hs was
expected wheré, ~ Hs was found. The differences are due to a diffedmrhinant
loading mechanism; in the expectations a dominanotethe wave generated
turbulence was expected, where the occurring gdrgthdient in the filter layer was
found to be the dominant loading mechanism.

Wave period relations

For the variation of wave periods, linear relatidresween erosion length and —depth
and wave period were expected and found indeed tfemdelation between erosion
area and period was found to be linear as well.ififli@ence by the period was larger
than expected; longer periods give much more emnosio

Number of waves for equilibrium and threshold ofioro

An equilibrium state in the erosion pattern wasestpd for a large enough duration.
No equilibrium state was found however; the erosipowth showed to follow a
square root function of the number of waves nicaiyd kept on growing. The longest
test was done for 600 minutes, 33000 waves, anweth@ decrease of the growth
during the whole test, but the erosion did not stoptead, a threshold of motion was
found: test 13 showed no erosion at all for wawesel than 5 cm. The threshold
depends not only on the wave height but also onptréod, as test 15 did show
erosion with a wave height of only 3 cm but a Igegiod of 2,0 s.

Irregular Jonswap waves

It was expected that Jonswap waves would resu#t similar bar-profile as with
regular waves, with a more irregular growth procdss was expected to give a
similar erosion afHieguar. The results showed a bar-profile that was indeeqy
similar to that of regular wave tests, with twofeliénces: the cliff-erosion at point A
did not occur; point A was spread over a largetatiise, and the neutral zone at point
D was spread over a larger distance, whereas itavgasgle point with regular waves.
The erosion-growth was very similar to regular waueut the amount of erosion after
N waves was less whetls was compared télieguar. A good result was found when
Hrms was compared tBlreguiar-
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Swell waves

It was expected that swell waves would result ifowa gradient and thus a slow
erosion process. The opposite was found: waves avitieight of only 5 cm gave a
very high erosion compared to the other tests,athlbby the long period of 3,0 s. the
wave run-up level was very high, which resultedairhigh gradient and the long
period gave the downward porous flow time to buifd-and transport a lot of sand.
The influence of the period was underestimated.llSmae/es with a height of 3 cm

and a period of 2,0 s gave much less erosion, lraorg representative for the type of
swell that could be handled by the structure.

Grading variation

A test with a wide grading was expected to give lesosion for the sanigso than a
narrow grading. It was expected that kg was dominant for the amount of erosion
as it determines the pore-sizes in the filter.ne tesults, no significant difference was
found; the amount of erosion after 90 minutes wamat exactly the same as in the
test with a narrow grading. Perhaps the porositgoiinant, which was 0,37 in the
wide grading test versus 0,42 in the reference ¢eshe grading was not wide enough
to lead to visible differences. On the basis of tbsults, no reduction by a wider
grading is expected aridksp is expected to be more important thage.

Slope steepness variation

For the slope steepness variation, a more or ieearlrelation with the amount of
erosion was expected; an almost perfectly linedatiom was found. The slope
steepness influencés the breaking distance and the horizontal filegrer thickness.

Which of these is dominant is not known, but a venportant influence of the

horizontal filter layer thickness is expected as important for the parallel gradient
in the filter, which has been found to be a domingarameter in the amount of
erosion.

7.9.2 Evaluation of the objective

The objective of this study was to study the infloe of variations of the hydraulic
loading, slope steepness and grading of filter nedt@n the stability and erosion
patterns of core material in a breakwater configonawith a hydraulically sand-open
filter on a sand core by performing physical magsts in a wave flume. The central
research question was formulated as:

What is the erosion growth pattern for the erosodrsandy core material
through a hydraulically sand-open filter layer in lareakwater under
varying wave loading? Does an equilibrium profilecar and if so, when
does it occur for both design conditions as for sratle, long term,
conditions?

Physical model tests

Physical model tests in the wave flume have beemedaout after a theoretical study
of the scale effects for these model tests. Relatlmetween loading, slope steepness
and grading on the one hand and the amount ofceramid its growth on the other
have been found. A complete theoretical descripdiball the occurring processes and
mechanisms inside the hydraulically sand-openrfidger of a breakwater has not
been found, although a threshold of motion andraidance of the parallel hydraulic
gradient in the filter layer are clearly shown. Téected equilibrium has not been
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found; with the present knowledge the erosion ipeexed to go on slowly as a
function ofvN.

Theoretical study of the scale effects

Scale effects have been studied theoretically.iiggakriteria have been selected for
the actual situation and an estimate of the madaitaf the scale effects has been
made. A few examples of up-scaling of the testltedo a prototype situation have
been presented and comments on the different felfomrocedures are given. The
scaling procedures will have to be validated witheo test data in further research.

Numerical modelling: preparation

Chapter 2 explains the present state of availaldeets for this type of processes.
Numerical models are able to calculate breakingesayite good. Porous flow gives
more problems; average flow velocities give goodults, but the actual velocity
inside the pores is still problematic. Porous swadsport depends on these velocities
and is therefore still difficult to predict. Neviedless, a wave model (e.g. Volume Of
Fluid-based) can be coupled to a porous flow mddaj. based on Navier-Stokes
equations with Forchheimer resistance terms) toutate velocities averaged in space
but not in time. To connect this to the amountarfdstransport, the results of the done
physical model tests can be used to calibrateioektthat are for instance based on
the Kalinske-Frijlink formula explained in sectighl.2 for bedload transport. This
process is complicated because the underlying pseseare complicated and not yet
fully understood.

Scale series and large scale tests: preparation

As indicated in section 7.7.4 it is still uncert&iaw this type of structure will behave
exactly at a larger scale. Especially the behaviofithe core material sand is
uncertain at a larger scale. Sand is meant to ée insthe prototype as well, meaning
that the scale factor for the core material is msicialler than the overall length-scale
factor. The threshold loading can be calculatedhwtte existing criteria for
geometrically open filters but the amount of tras$premains uncertain. To
investigate this, two options of physical modelliexjst: large scale testing and scale
series. Large scale testing has the advantagedhtainty about large scale behaviour
is obtained. The disadvantages are the high costdimited availability of the few
large scale wave flumes (in the Netherlands, thigalldume could be used for this).
Scale series are done at a smaller scale. Fomirestaome of the present tests are
done at twice and three times the length-scaleyidograin sizes, structure sizes and
waves are scaled all with the same length-scale MEsults are compared and
extrapolated towards the desired prototype scaith Wis way of testing, no absolute
certainty of the large scale behaviour is obtaisgtte extrapolation always leaves
some uncertainty. The advantage is the possiliityyise smaller facilities. With a
clever choice of parameters, such a proceduressilpe to perform in the flume used
for the present tests; up to twice the scale ofpitesent tests can be executed in this
flume. A form of scale-series tests will be reconmahed for further research.
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Chapter 8

Conclusions and recommendations

8.1 Conclusions

8.2 Recommendations for further research
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Chapter 8 Conclusions and recommendations

This chapter gives an overview of the findingstad study, with an evaluation to the
objective. These conclusions do not present newrnmétion of findings but
summarize the findings of the different sectionsec&nmendations for further
research are presented based on the conclusiomhatf important information is
missing to come to a good description of erosicmcesses and a useful design tool
for breakwaters with an open filter on a sandy core

8.1 Conclusions

Hydraulically sand-open filters in breakwaters with sand core form a useful
alternative for conventional designs of breakwat&re results of this study indicate
that they can be applied successfully when desigmegerly. Knowledge of the
erosion processes inside this type of breakwatelif@eased and interesting relations
have been found.

8.1.1 Evaluation of the objective

The objective of this study was to find relatiows the influence of variations of the
hydraulic loading, slope steepness and gradingltef material on the stability and
erosion patterns of core material in a breakwaterfiguration with a hydraulically

sand-open filter on a sand core by performing ptafsnodel tests in a wave flume.

Physical model tests

Physical model tests in the wave flume have beemedaout after a theoretical study
of the scale effects for these model tests. Relatlmetween loading, slope steepness
and grading on the one hand and the amount ofceramid its growth on the other
hand have been found. The expected equilibriumilprbés not been found; with the
present knowledge the erosion is expected to gelawaly as a function ofN.

Theoretical study of the scale effects

Scale effects have been studied theoretically.isgalriteria have been selected for
the actual situation and an estimate of the madaitaf the scale effects has been
made. The scaling procedures will have to be veddiavith other test data in further
research.

Numerical modelling: preparation

Numerical models are able to calculate breakingesayite good. Porous flow gives
more problems. Porous sand transport depends opadiwais flow and is therefore

still difficult to predict. Suggestions have beeade on what type of models could be
coupled to get a representation of the erosion gg®dnduced by the waves. This
combined modelling is complicated because the uyidgrprocesses are complicated
and not yet fully understood.

Scale series and large scale tests: preparation

Sand is meant to be used in the prototype as wdl d¢he model, meaning that the
scale factor for the core material is much smadhan the overall length-scale factor.
To investigate the effects of this, two optiongbi/sical modelling exist: large scale
testing and scale series. Considerations showstiade series testing is a good option.
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8.1.2 Concept of the processes after analysis

The breakwater configuration that is the subjecttatly is schematised as a sand core
with a slope, loaded by incoming waves. The filegrer reduces the loading of the
waves, which break on the filter and dissipatertleeiergy. The filter stones absorb
this turbulent energy and what remains deeper ensti@ filter is flow through the
pores of the stones. The water level runs up amehdo the filter layer over the sand
slope with the same period as the external wavewhilit a smaller amplitude and
without breaking.

Filter

Figure 8-1 Concept of the breakwater configuration

The external waves induce an internal setup andtamal wave. The internal water

level is still high when the external water levelat its lowest point (rundown point

external wave). A hydraulic parallel gradient satfrom the high internal water level

to the lowest external water level. This gradientaes the downward porous parallel
flow, which induces the transport of sand through filter layer downwards over the

sand slope. An erosion area occurs where this ostrong, in the part of the slope
where the wave is active. The transported sanésddiwer on the slope between the
filter stones, forming an accretion area. The lwheeosion profile that develops in

this way has a stabilizing effect; the amount afseon decreases in time without a
decreasing loading. The erosion does not stop éatedses gradually with a square-
root function of the number of waves. When the vgaaee low enough, the induced
hydraulic gradient is not strong enough to driygoaous flow that transports sand. In
other words, a threshold of loading has been fobeldw which no erosion takes

place. This concept is based on the observatiodsnalysis of the tests.

8.1.3 Conclusions from observations and analysis

— Parallel downward porous flow is the dominant lo@diprocess rather than
turbulence by the breaking waves. The turbulensebie®n observed to die out in
the upper part of the filter layer. Porous flow lha&en observed to develop during
the wave rundown, picking up sand when the velasityigh enough.

— The parallel downward porous flow is driven by tharaulic gradient that sets in
from the internal setup- or run-up level to theeemail rundown level.

— The amount of erosion grows with the square-roothef number of waves. An
equilibrium state has not been found during thatredly long tests, but a gradual
decrease of the erosion rate is evident.
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— A threshold value for the loading has been founidwevhich no erosion takes
place. This threshold coincides with the existirggign criteria for geometrically
open filters. These criteria can be used to dete¥nthe maximum hydraulic
gradient that does not lead to erosion for a desiggiructure.

— The amount of erosion was found to depend on theewwight and length
(function of period), the hydraulic gradient, thenmber of waves and the relative
filter layer thickness. The hydraulic gradient iscamplex function of wave
parameters (height, period, run-up, rundown, stegpnand structure parameters
(filter grain size, thickness, porosity and slopeepness).

- The erosion area and erosion depth are both retatdtle square of the root-
mean-squared wave height. The regular wave heitgsts with regular waves
can be compared to thifms.

— The erosion length is related to the significanvevaeight. These are the higher
waves in the spectrum. The wave run-up and rundahith determine the
erosion length are a function of these higher aacgmwaves.

— The wave period has a large influence on the emopimcess. Longer waves
result in high run-up levels and thus a high grati#he downward flow has time
to develop and to transport a lot of sand.

— The open filter structure is sensitive to swell es\because the long periods
cause a large amount of sand transport.

8.1.4 Relations between loading and erosion

Besides qualitative results, quantitative relatidvaa’e been found between loading
and erosion. They are the results of the analysghapter 7.

Dimensional relations between loading and erosion
The relations with dimensional parameters have teaa lot of conditional relations;
they are valid for only a certain number of testsvihich the conditions apply.

A 0+/N ; the amount of erosion is a constant factor tithessquare root of the
number of waves. The factor is different for easst.t

A OH,2for:H .= H 4o @nd: & = const; for waves with the same Iribarren
number, the erosion area was found to be lineathted to the square
of the root-mean-square wave height. This relasi@mts at a threshold
for Hims for which As = 0. The relation holds for both regular and
irregular wavesHns is the relevant wave height parameter.

A OT, for: H = const; for Jonswap tests with a constant wave heighttbsion
area is linearly related to the peak period. THatign is not valid for
other tests.

A Otana,for :H =const, and: 7= cons; the erosion area is linearly dependent
on the slope steepness, for tests with the samesvav

L,O0Hfor:H =2H, ,.,and:é = const; the erosion length depends o
instead oH;ns. The erosion length depends on the internal ru el
and the external rundown level, determined by igbdr waves.

d,OH,for:H _2=H, . ....and: = consl; the erosion depth depends on the
erosion area and —length. The erosion area wagdftaibe dominant,
and with that the erosion depth dependdign.

L, ORun-up for Rur ug RufA yp... andg= cor The external run-
up level can be calculated quite accurately frorovkm relations.L,»
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depends on the run-up; nevertheless a relationtivérexternal run-up
was found. External and internal run-up are related

Dimensionless relations for the erosion area
Combinations of the dimensionless terms lead ta¢hsoning that a relation with the

D
| N —Re
form of A H ®  should give interesting results. The results are:
rms —0
N
HA%LO =0,1 Irm% - 0,0¢and
0,2
HAS :O,Z{Irmsﬁj -0,4
rms m

The former has the best physically founded reagpnire latter the best fit to the test

results. These relations can be used as an imficafi the amount of erosion to be

expected. However, the results should be handl#ud waéire and have to be validated
with e.g. design-specific tests. These relationge et been validated on a large scale
and the grain size of the core material is not msia variable. The calculation of the

occurring hydraulic gradient from wave- and struetparameters is still a problem.

8.1.5 Lacking knowledge after analysis

Interesting relations have been found, however sgmestions remain after the
analysis of the test results.

— The parallel hydraulic gradient is important foethrosion process. The way it
depends on the loading parameters and structurahyeers still has to be found
in further research.

— Scale effects have been analysed theoreticallg. itowever uncertain how this
type of structure will exactly behave on a largeglle because the analysis could
only be done with the available information of xeat but yet different
situations.

— The grain size of the core material has not beeled/ian the tests and it remains
uncertain how the amount of erosion will be affdcbyy another grain size. For
the threshold of motion this can be calculated gisire Shields criterion or the
easier applicable design criteria for geometricalien filters, but for the amount
of erosion it remains uncertain.

— Other interesting parameters such as structuralufayariations, oblique incident
waves, (longshore sand transport), breakwater haadt/ berm stability and tidal
water level variations will exert unknown effects the erosion process and study
of it will be recommended for further research.
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8.2 Recommendations for further research

This study is part of the research into hydrauljcabnd-open filters in breakwaters.
Understanding of the processes has increased aedesting relations between
loading and erosion have been found but not endkrghwledge is available to
construct a good design tool and to give a fulbtieéical description of the erosion
process. Section 8.1.5 describes the lacking kriyeleafter the analysis of test
results; this section gives recommendations on timnacks can be filled in further
research.

8.2.1 Relations for the parallel hydraulic gradient

The parallel hydraulic gradient that develops dyiiandown of the wave was found
to be the dominant forcing of the porous flow anithvthat the erosion process. It is
recommended to search for the relation betweengtdient and the parameters that
it depends on. These parameters are expected to be:

- Wave height

- Wave period Iribarren numbé

- Slope steepnes

- Filter thickness wave run-up/ rundown

— Filter grain size

— Filter porosity

It is recommended to search for good estimateshefwave rundown on rubble
mound slopes and to combine that with the waveupirand relate it to the gradient.
The data of the performed tests can be used tdatalthe results. When more data of
the occurring gradient is necessary, wave flumestean be performed with a setup
similar to the performed tests. Pressure sensardeanstalled throughout the filter
layer to measure the distribution of pressureshm filter during wave attack. The
results can be analysed for a relation betweengmadnd loading parameters.

8.2.2 Prototype scale validation

The model tests were performed at a small scaleleSeffects were estimated
theoretically but certainty about large scale béhav is still insufficient. To
investigate this, two options of physical modelliexjst: large scale testing and scale
series. Large scale testing has the advantagedhainty about large scale behaviour
is obtained. The disadvantages are the high costdimited availability of the few
large scale wave flumes (in the Netherlands, thitalFdume could be used for this).
Scale series are done at a smaller scale. Fomzestaome of the present tests are
done at twice and three times the length-scaleyidograin sizes, structure sizes and
waves all scaled with the same length-scale. Thaultee are compared and
extrapolated towards the desired prototype scaith Wis way of testing, no absolute
certainty of the large scale behaviour is obtaisgtte extrapolation always leaves
some uncertainty. The advantage is the possiliityyise smaller facilities. With a
clever choice of parameters, such a proceduressilpe to perform in the flume used
for the present tests; up to twice the scale ofptitesent tests can be executed in this
flume.

It is recommended to perform a scale series tegjrpm, if possible in the same wave
flume. The reference test for irregular waves, fesf the present study, can e.g. be
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done at a length scale factor of 1,5 and 2. TheewsightHs would then be 20 cm,
still feasible in the flume. The waterdepth willlprbe relatively smaller; effects of
this have to be considered. If a larger facilityaisilable larger scale factors can be
used. The larger the scale, the more reliable xtragolation towards prototype scale.

8.2.3 Influence of the core grain size

The grain size of the core material has not beeredan the tests and it remains
uncertain how the amount of erosion will be affdctey another grain size. It is

recommended to perform wave flume tests with vangrmain sizes of the sand in the
core. This can easily be combined with the recondmdnscale series tests by
extending the program. For the scale series, ajrddfirent grain sizes for both filter

and core are necessary to determine only the sfédets of the geometrically

undistorted up-scaling. When core grain size viamais added (for constant filter

properties) valuable information on the relationiween erosion and core grain size
can be found. This information is necessary toltde & design properly at prototype
scale with a distorted grain size scale factor careg to the present tests.

8.2.4 Influence of structural layout and local circ umstances

A number of parameters associated with the layoutthe structure or local
circumstances influence the behaviour of the bredéw

— Slope steepness

- Use of a berm in the outer slope

— Low crest or submerged crest

— Special situation around the breakwater head (curseucture, high wave

intensity)

— Tidal water level variations and wind setup

— Oblique incidence of waves

— Combination of waves and (parallel) currents

Of these parameters only the slope steepness leasshedied. The influence of the
other parameters is unknown and can be studiechefrtests.

It is recommended to perform physical model testshie wave flume to study the
influence of a berm, low/ submerged crest and watezl variations. The flume used
for the present tests is a possibility for this.

To study the influence of oblique incident wavdse behaviour of the breakwater
head and the combination of waves and currendsrédommended to perform tests in
a wave basin. The two-dimensional wave flume issuited for this. In a wave basin
more possibilities exist to place a breakwater urasheangle with the waves, to build
a breakwater head or to add a current. Speciattaite has to be paid to the scale
effects since the tests probably have to be peddrat a smaller scale than in the
wave flume.
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A study of Evert's report to get familiar with theubject, the global theory and
directions to other sources of knowledge.
- Breakwaters with a sand core can be more economic
- More flexibility with geometrically open filters
— No proper design tool available
— Objective:
0 Insight in transport of sand out of the core
0 Relations between
= Transport
= Initiation of transport
= Grain size filter / core material
Thickness filter
Hydraulic loading
Experiments: H = 10cm, T = 1,2s; d 10/15/20cm, b= 1,8/3,3/4,2cm. Regular
waves, no scaling. Observed:
— Decreasing d- shift from bottom transport to suspension transpuarreasing P
- shift from bottom transport to suspension transpor
— Upper part: erosion (A-D). Lower part: accretion
- Increasing m- less erosion, lower erosion depth ldwer erosion length (k. (m
= Ck/Drso)
- Erosion decreases in time, but after 2400 wavesgudibrium was reached.

Theory open filter processes

Area of interest: 2,5 < (FDus/Dpsg) < 6 a 7. Lower values: geometrically closed,
higher values: fluidization/ no filter working.
Occurring mechanisms:
— Grains arrive in larger pores with lower water \ati@es and slow down and stop
moving further.
— Arching: small grains form arches. Cyclic loads yes) destroy arches and have
a lower critical gradient.
The critical gradient is a function of:
— Core- and filter material characteristics
- Flow type (filter velocity, physical properties water)
Empirical formula with flow parallel to the inteda:

D n5/3D1/3
De Grauw: I, =f (Db,—f,nfj R |, = 8'053 +—— U2
D, n; Dy, 1000D,;,

If the pore spaces of the filter are large relativéhe grain size of the core material,
the critical shear stress at the interface is agsuto be equal to that at the bottom of

an open channel (bed material equals core mateKadin Breteler: used Shields
criteria to relate the critical filter velocity the Dso of the core material (p.20)

_ C7l// b2p Db50

fer Kz D

For turbulent flow parallel to the interface at@rikontal bed:|
f15
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Waormann: single layer of riprap protection aroumidge piers: acts as a moderator of
2

, e U
the erosion process due to the hydraulic filtee&ffImportant parameters:ﬁ and
g Ld;

Digs (p.21)
Df15

Transport

Adel: for perpendicular flow, the type and magnéudf transport depends on the
gradient in the core. Collective transport, no Ergrains. A sharp boundary between
penetration in filter or not.

For parallel flow, transport is governed by indegem movement of grains.
Movement along the interface in a thin layer fowlwelocities. Higher velocity:
thICker |ayer lérain: ]/2 uNater.

Waves and water motion

Wave energy:E =E,+E + E .

Porous flow: laminar/ inertial/ turbulence resistan Through sand: only laminar.
Gravel/ rubble mound structures: also inertialbtuence. Flow depends on Reynolds
number. (p.26)

Non-stationary porous flow: Forchheimer equatibra [ +b U [U|+ CZ—L: (p.26)

— Terms: first = laminar, second = turbulence, tHrohertial

Disconnection with wave loading: friction. Us > Ucore — Uinternal phreatic surface, P
Uinternal phreatic surface, b» A discontinuity can exist between core and fil{pr28)

Internal set-up: water table inside the breakwadrigher than the still water level
outside. Outflow mainly happens in the lower p#re water has to flow through a
smaller surface than during inflow. This requirekigher pressure gradient, realized
by a higher water level inside.

Numerical models

ODIFLOCS: a hydraulic model simulating the exterfl@alv, coupled to a porous flow
model with the extended Forchheimer equation. (p.28

VOFbreaK: describes wave induced flows and pressures inysostructures. (p.29).
Better wave induced velocity field, but no turbuden

VARANS: also small scale turbulence in porous media be modelled.

All give an averaged velocity field.

Scaling
Geometric/ kinematic (velocities)/ dynamic (forceshilarity
Froude-scaling: =1 - n=n,=n'?=n'?2

Reynolds-scaling: =1 - n?
n-1
n-z

M
ny
Ny

]
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Burcharth: keep the hydraulic gradient the sam@@she breakwater core. (p.31)
Problem: the gradient varies in time, so a charstie gradient is used. The deviation
of this characteristic gradient and velocities remaa problem.

Experiments

Objectives/ focus: (p.34)

— Transport of sand through a very coarse filter umia-stationary loading
— Amount of transport out of the core
— Transport rate

Concept/ expectations: (p.36)
— The filter will reduce H exponentially when movimgside the filter, so d -
transpor}.
— A thicker filter slows down the wash out.

- Wave breaking causes a lot of turbulence, whickegipressure fluctuations that,
when directly above the interface, will lift grainst of the core.

— A larger Db means less transport.

— A smaller O means less transport.

— A smaller B/Dy, means less transport.

— The way of breaking of the waves might be important

— Uniformity of the filter material: more uniform mes easier transport

- The shape of the material (roundness/ roughness)

- Density of the material, can have effects in botirerand less transport

Filter

______ Sand core

Schematization of expected sand transport in breakater

Model set up: (p.38)

— A process based model test is chosen (no scaliadarfyer model) because of the
problems with scaling described above and the probthat sand cannot be
scaled down, it becomes silt.

— Parameters: variable@nd d. the rest is set at a representative value. (p.41)

- Regular waves have been used

- H and T typical for wind waves, H=10cm, T = §,2

— Number of waves: typical for a storm of 8 hourshwat T of 12 s.

- Dy is chosen small to get erosion

— Only one layer is used as filter/ armour.

i Van Oord i



Open filters in breakwaters with a sand core

Definition sketch

T start
> 2400

Sl water « =

Lr2 Lr : — waterline

M/
[
1
P
oLe
dy toe sand (cm)
8 8
/

Observations: (p.48)

— A profile develops resembling a bar profile on adbabeach.

— Both bottom (sheet flow) and suspension transpawvetbeen observed.

A: erosion, an almost vertical slope develops andnidermined by the up running
wave.

B: sand is moving up and down by the reduced wawgg,in phase with the outside
wave.

C: erosion, mainly bottom transport during wave -dawn, less transport during
wave run-up, but also suspension transport.

D: net erosion = zero. Run-down: mainly bottonRmn-up: mainly susp. tr.

E: sedimentation, a lot of suspension-transport.

F: only transport during run-down, first both typkder only bottom transport.

G: no transport.

- Internal setup ranging from 0 or 1 to 3 cm for eliéint tests.

- Between A and B a small wave in the filter layeveleps, running up and down
the sand slope.

- Between C and F: the outside water layer is muatkeh with the up-running
wave than with the down-running wave, so more whtes to flow through the
filter during run-down than during run-up. The ritga a higher filter velocity
during run-down.

Analysis: (p.55)

— The erosion in A is discontinuous, hard to teilt i decreasing in time or not.

— At B and C the erosion is decreasing in time.

— At E the sedimentation is decreasing in time.

— After 2400 waves there is still erosion, but idecreasing in time

— A dependency on m is clearly visible from the res.58), a smaller m (#;)
means less erosion.

- L, increases with increasing filter thickness, prdpabecause point D stays
directly under the run-down point of the wave, whahifts further down.

- L, increases with increasing,ecause larger stones give less wave reduction.

- L2 decreases with increasing m and with increasijrand with decreasing:D

- Erosion depth d(= erosion after 2400 waves L)L(p.66). A larger P and a
smaller d give a larger g Both were to be expected.
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- ds vs m gives a possible linear relatiod; =0.058- 0.4xm. ds decreases with
increasing m, so more layers of filter grains rezlthe erosion depth.

Recommendations

Conclusions:

— The erosion, gdand L, depend on m (5(Dssg). All decrease with increasing m.
This relation is more sensitive for 2<m<4 thanro¥5.

— A “sandy beach bar-profile” develops with a fixegdirting point D.

— Erosion length also dependent on the wave run-doount.

— Sheet flow- and bottom transport of core material.

- Water movements: main wave and small internal wialkelcm).

— Run-up mainly on the outside; run-down mainly ttgbuhe filter.

— Erosion decreases but does not become zero in\240€s

Recommendations:

1. The data set obtained in this thesis should bende

2. The erosion should be related to the wave parasatet the slope steepness
of the breakwater. Suggested is to perform probasgd experiments.

3. Model tests should be executed with irregular waves

4. Insight in the water movement inside the filterdaynust be obtained.

5. A theoretical description of the transport of sanside a filter layer under
influence of a wave load should be developed.

Remarks:

— The scaling problem should be handled and sortéciosome point, possibly by
repeating a few essential tests in the Delta flamé comparing the results. The
conclusions for the small scale tests might beeobed if possible.

— Suggestion by Greg Smith: first perform tests viitgular waves and study the
differences.

Comparison test profile with beach erosion profile

Based on the results of Uelman’s tests, a compatisdween the erosion profile of
the tests and that of sandy beaches has been iitadevas done after the literature
study and did not lead to clear relations, butsitshown in the appendices for
information and because the comparison does gfeeeisting indications.

For beach slopes under wave attack, an equilibbeach profile is normally reached,
with z = pX"® (Schiereck, 2001). For sand of 0,16 mm, p is alfolit When plotted
together with the profile from the test, a resembé&can be observed in the slope of
the upper side of the occurring bar in the testd #me average slope of the
equilibrium profile. Without a filter layer, the 3d takes the purple profile, and with
the filter, this profile seems to take form at agé&x depth, the slope around the
waterline-slope intersection is much steeper. Sgear& 8-2. The test profile lies
about one wave height (0,10 m) lower than the dxuim profile that starts at the
waterline intersect. It might be possible thatfilier is in the way of the development
of such an equilibrium profile, but that a parttbé profile occurs in the upper bar
area, where a sort of free sand surface develogsnwthe filter layer. Comparison
with more test data can give more insight.
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comparison test with beach profile
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Figure 8-2 comparison of tests and equilibrium bedtprofile

Comparison with the other tests shows a similarifier 2400 waves the erosion
profile shows a slope resembling the lowered bgaofile. For some of the tests this
resemblance is clearer than for others. The distaver which the beach profile is
lowered to fit the test profile differs from test test and varies from 0,05 to 0,13 m.
This distance seems to depend mostly on the theskrad the filter layer, and

increases with an increasing filter layer thickness
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Appendix Il Literature study

Articles, publications of research, give detailetbrmation on specific subjects. They
are used to get deeper into a subject pointedralitiascribed in a book.

Porous flow

van Gent M.R.A.'Porous flow through rubble mound material' Journal of
Waterway, Port, Coastal & Ocean Engineering, May&Ji995

— Laminar resistance in sand, also turbulence andiahaesistance in rubble
material.

- In small scale physical models none of the threelbmaneglected.

— Oscillatory flow probably causes more turbulencanthstationary flow, which
causes a higher b-coefficient in the Forchheimeiaéiqn. This is the highest term
of the equation in all the tests.

— KC-number~ (influence of turbulence) / (influence of inerti®C is put in the
relation for b.

— The c-coefficient is also dependent on the flowldfieon the Ac number
(acceleration). Added mass has been taken into uatcahe amount of
momentum needed to accelerate a certain volumeatérws higher in porous
media than in free flow. This can be seen as massnthat has to be accelerated.

Van Gent M.R.A!Wave interaction with permeable coastal structur@hesis, 1995

A~

o ub ~
— A Reynolds number for porous medium is presenteBRes — . HereU is the
nv
velocity amplitude (maximum velocity]) is the particle sizen is the porosity

ando is the kinematic viscosity. This form of the Reyjdmnumber differs from

the normal Reynolds number in that the characieleshgth scale is9 instead of
n
just D or h. This implies that the length scale is larger &smaller porosity,

resulting in a larger Reynolds number, which se#mbe illogical. It would be
expected that a higher porosity, larger pores,dsamore room for turbulent
eddies, and gives less resistance for the turbéltamt

— Chapter 3, porous media flow, explains the Forahnleeirelation and all its parts.
After that, results of permeability measurementstegated and some remarks are

made on scaling problems. Table 3.4 gives Reynulisbers that can be used for
comparisons.

Criteria and processes for filter design

de Grauw A., van der Meulen T. & van der Does de BY. ‘Granular Filters:
Design Criteria’ Journal of Waterways, Port, Coastal and Oceanngéegng, 1984
— A summary of design criteria for granular filtersda tests with parallel/
perpendicular flow with steady and cyclic loading.
— Laminar flow for Re < about 4 (Re =.D/v) for which Darcy’s law is valid,
turbulent flow for Re > 600 — 1000, for whicl 117,

— Cyclic flow parallel to the interface: thg Is of the same order as for steady flow
(T>2s.).
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— Cyclic parallel flow may cause gradients perpendicto the interface, causing
perpendicular transport.

- LARGER CORE MATERIAL GIVES A LOWERJ !'??

— Formula derived to link:} to the critical Shields velocity (6).

- Internal stability:

- Very widely graded materials are less permeable.

- Interesting article.

Klein Breteler M., Bakker K.J. & den Del FNew Criteria for Granular Filters and
Geotextile under Revetment€oastal Engineering, 1990

— Geometrically open, but hydrodynamic sand tighefd.

— Criteria based on a hydrodynamic limit, assumingilsrity between open
channel flow and flow in the pores at the interfdomecause the pores of the filter
are much larger than the grains of the core. Thiel@&h critical shear stress is
applied here.

- Relation for parallel flow derived between theicait filter velocity and Shields,
the soil properties, the slope angle and the pelipalar hydraulic gradient.

— Forchheimer relation is used to relate the filteloeity to the filter material.

— A design diagram for granular filter interfacegyisen. Suitable for practical use,
but, for breakwaters, special attention has todieé o the dynamic effects of the
flow in between the large elements, and, the hylirénading conditions have to
be known.

- Interesting article, still, information about vespen filters is not present.

Bakker K.J., Verheij H.J. & de Groot M.BDesign of Geometrically open Filters in
Hydraulic Structures’Filters in Geotechnical and Hydraulic EngineeriBglkema,
the Netherlands, 1993

- Hydraulic sand tight instead of geometrically saight criteria.

— Section 3: load transformation from waves to exdepressure head, to internal
pressure head, to the response of the structureseTBteps are not easy, but
necessary for a good geometrically open filter giesAlso for sand-open filters
these are very important.

— Examples are presented, using the diagram of KBeeteler 1990, design steps
are explained.

Bakker K.J., Verheij H.J. & de Groot M.BDesign Relationship for Filters in Bed
Protection’ Journal of Hydraulic Engineering Vol 120, No 994

— Derivation of L, of the top layer, and of the filter layer, frometishear stress,
Shields and Bezuijen et al. (1987).
— A comparison with the filter ratio of Wérmann (198%s been made, resulting

D
after some modifications and averaging (1) = 0,50i . This implies that
b50 t50
a bigger hydraulic radius R=(waterdepth) and a smaller top-layer grain size
result in a higher possible filter ratio. Cautioithathis formula is needed.

Bezuijen A., Klein Breteler M. & Bakker K.JDesign Criteria for Placed Block
Revetments and Granular Filter2de copedec, Beijing, China, 1987

- The hydraulic gradient in these filter layers iseafso small, that less strict than
sand-tight rules can be applied. The filter laydiscussed in the paper are,

]
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however, covered by a placed block revetment, &ishnot directly applicable
for filters without cover layers.

de Groot M.B., Bezuijen A., Burger A.m. & KonteL M. ‘The Interaction between
Soil, Water and Bed or Slope ProtectionModelling Soil-Water-Structure
Interactions, the Netherlands, Balkema, 1988

— Scaling: the ratio of the flow resistances in thedel and in nature should be
constant, irrespective of location and time (forcequirement). And: the ratio
between discharge in the model and in nature shbeldconstant (continuity
requirement).

- Froude scaling is possible, but scaling down redube Reynolds number. This
gives problems.

- Internal set-up: the increase in level of the n&rphreatic surface above the
average level of the external phreatic surface.

- Internal storage is not important if the cover laigevery permeable.

Wdormann A. ‘Riprap Protection without Filter Layers’.Journal of Hydraulic
engineering Vol 115, no. 12, 1989

— Stationary, turbulent flow experiment, with sandseeed by one layer of stones
around a cylinder.

— A thicker protection layer reduced the flow vel@gst near the interface and
reduced the erosion depth for the same hydrawdiditay.

— The used core material is quite large for sand;llsmgrains can give different
mechanisms (cohesion).

— The riprap layer acts as a moderator of velocaied turbulent vortices, reducing
the erosion depth. The shape of the scour holeinislas to that with an
unprotected bed.

— The thickness of the riprap layer determines tllecdon of scour.

2

LS. 6 Dygs if Digs 0.1 . for larger ratios the coefficient incremse
g |]jf Df15 Df15
asymptotically, towards geometrically closed ciddilerzaghi: ratio > 0,2).

— A larger gradation in the riprap material is prederto get a well functioning, but
relatively thin filter layer. This, however, canvgi problems in construction:
separation has to be avoided.

Schiereck G.J., Fontijn H.L., d’Angremont K. & SteB. ‘Filter Erosion in Coastal
Structures’.International Conference on Coastal Engineeriygn®y, 2000

- Overview of some of the topics above, with addisibiests.

— Tests show that velocity fluctuations hardly redfiegher inside the filter layer,
so the reduction in erosion by a thicker filtemi®st probably due to the longer
path grains have to follow to leave the filter.

Foster M. & Fell R.'Assessing Embankment Dam Filters that do Satiségidh
Criteria’. Journal of Geotechnical and Geo environmental ig®ying, May, 2001

- Tests with filters for perpendicular flow, testeat the no-erosion boundary and
the coarsest filter grain size boundary, for witicé filter sealed itself after initial
erosion. The ratio between no-erosion and coafitestsealed, ranging from 1,6
to 24.
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- Interesting to see the differences in the boundaf@ different soils (e.g.
different clay content), but no relation with waleading, and the tests do not say
a lot about the physical small scale processes.

— It can be interesting to compare thesdDy15 ratios with the results of Evert and
coming results, to see if there is coherence betwhes flow-type and wave-
loading.

Numerical modelling of filter processes

van Gent M.R.A."The Modelling of Wave Action on and in CoastaluStures:
Elsevier, Coastal Engineering 22 311-339, 1994.

— ODIFLOCS: One Dimensional Flow on and in Coastal&ures: a hydraulic
model is coupled to a porous flow model.

— The hydraulic model uses the long wave theory, Witbrostatic pressures, depth-
averaged velocities, a single layer of water, amdesdreaking simulation like a
bore.

- The porous flow model uses the extended Forchhegmemtion and the long
wave equations. u is replaced by u/n e.g.. Constaloes have been used for the
coefficients.

— The slope is divided into three areas with differéreatment; from the part
overlapped by the hydraulic model, the part witfiltration through a partly
saturated area, to the part with no exchange toukside.

- Disconnection is taken into account and internalgecan be calculated.

— Run-up can be calculated accurately, run-down wigh« § <3.

— The model works well, but is only one-dimensionad aloes not take turbulence
generation-dissipation into account.

van Gent M.R.A., Tonjes P., Petit H.A.H. & van d@osch P:Wave Action on and in
Permeable StructuresCoastal Engineering 125, 1994

— A numerical model to simulate plunging waves onakveaters, with the VOF-
(Volume Of Fluid) method to solve the 2D-V Navietokes equations.

— The model gives a detailed flow description of lneg waves on permeable
structures.

— Turbulent generation-dissipation and air-extruséa not in the model, neither
are irregular waves (yet).

Troch P. ‘VOFbreak;A Numerical Model for Simulation of Wave Interaatiwith
Rubble Mound Breakwater€Environmental and Coastal Hydraulics, 1996
- VOFbreakK: a coupling of the VOF-model for external watertioo (based on the
Navier-Stokes equations) to a porous flow modelngisthe Forchheimer
resistance terms instead of the viscosity ternteénNavier-Stokes equations.
— The same remarks as for van Gent (1994) (above) hol

Troch P., De Rouck JDevelopment of Two-Dimensional Numerical Wave Euor
Wave Interaction with Rubble Mound Breakwatensiternational Conference on
Coastal Engineering, Copenhagen, 1998
- Further elaboration on the VOFbréakodel, in order to construct a numerical
wave flume.
— 2D velocity field calculations.
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— No Turbulent generation-dissipation is taken intocant.

- It would be interesting to try to repeat some ofnun’s tests numerically and
evaluate the differences, but the wave breakingti difficult, and how to
incorporate the actual transport of sand from tre2

Holscher P., de Groot M.B. & van der Meer J.\8imulation of Internal Water
Movement in BreakwatersModelling Soil-Water-Structures Interactions, IBaha,
The Netherlands, 1988
- Wave attenuation in porous media, simulated withiHadeer computer program.
It was found that the phenomena of disconnectiod arternal set-up are
important for the behaviour of the structure.
— The effect of wave breaking is lacking.

Liu P.L.F., Lin P., Chang K.A. & Sakakiyama Numerical Modelling of Wave
Interaction with Porous StructuresJournal of Waterway, Port, Coastal & Ocean
Engineering, 1999

— The introduction gives a clear overview of the egsh done previous to this.

- The external wave field is described by the Reymaderaged Navier-Stokes
(RANS) equations, the effects of the turbulenc&l fley an improved k- model,
and the free surface by the VOF method.

- The internal flow field is derived from the NaviStekes equations, and averaged
over length scale,| which is larger than the pores but smaller thae t
characteristic length scale of the physical problem

— A well working model for wave action on and in thenmour layer is presented,
interaction with a core is not included.

Hsu T.-J., Sakakiyama T. & Liu P.L.FA Numerical Model for Wave Motions and
Turbulence Flows in Front of a Composite BreakwateElsevier, Coastal
Engineering 46 25-50, 2002

- “An accurate prediction of turbulence under a birgkvave is an ongoing and
challenging research object”. The wave breakingcess, the turbulence
generation inside the boundary layer near the botind the turbulence flow in
the porous media are all three important factons the interaction between
breaking waves and structures.

— The model of Liu and Lin (1999) has been improved &xtended, using the
VARANS equations, Volume-Averaged, Reynolds-Averhg®lavier-Stokes
equations, along the «turbulence closure model. This combination carcdes
flow both inside and outside the porous medium.

- The internal flow field is still volume-averaged.

— The model shows improvements, but wave breakisglidifficult to calculate in
all cases.

Zhao Q., Armfield S. & Tanimoto KNumerical Simulation of Breaking Waves by
Multi-Scale Turbulence ModelElsevier, Coastal Engineering 51 53-80, 2004
— Study of breaking waves, with a 2D multi scale tugmce model based on the
VOF method, but without interaction with structures

- Improvements compared to the RANS- approach aret iwlear under spilling
breakers. Air entrainment is not accounted (neithehe other models) and still

needs attention.
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- Interesting for the modelling of the external watestions.
Scaling problems

Ettema R., Arndt, R., Roberts, P., Wahl, Hydraulic Modelling — Concepts and
Practice’. American Society of Civil Engineers, 2000

- 1.6.1: “Similitude and scaling: Geometric, kinemmatnd dynamic similarity
should be maintained between model and prototyipepiactical situations this is
however not possible. Therefore, a dimensionalyamsalcan be made to identify
the processes and parameters of primary importance.

— A dimensional analysis is a useful tool to formel#te problem and ensure that
similitude conditions are taken into account prdper

— “Scale-series” can be very useful: applying a moadel different scales,
extrapolating the results to the prototype scate fesults should be handled with
caution.

— Conservation-of-momentum-equation for flow: afterifg made dimensionless,
four important parameters are found: Euler numBaynolds number, Froude
number and Weber number. In general, Fr is the dantisimilitude parameter
for free surface flow. Re is always important, Butand Re cannot be preserved
simultaneously. Eu is usually preserved when FrRer is. Surface tension
becomes important when We is smaller than 100, vbacurs in drops, bubbles,
capillary flow or very shallow flow (p.41).

— For oscillation flow, the Strouhal number, St, danimportant, but it is usually
not the prescribing criterion.

— Table of common dimensionless groups on p. 44

- II-theorem: a dimensionally homogeneous linear eguoats reducible to a
functional relationship among a set of dimensioslegrameters. (p. 45)

o List all n relevant physical quantities, expressadterms of the
fundamental dimensions
o0 Note the number of fundamental dimensions, m
0 Select m physical quantities as repeating varialsiesh that:
= None is dimensionless
= No two have the same dimensions
= Together they do not formId parameter
= They include all fundamental dimensions involved
0 Express the terms as the product of the termstedi@t step 3
0 Solve the unknown exponents

— Waves and flow in coastal situations: p.239

- Planar bed in the breaking zone: p. 249

— P. 248: when sand is used in a model, the paRielgmolds number will be highly
distorted, as will the mobility number and the gedm.

— Basic scaling ratio for bedload and suspended sadirtransport under waves:

(u), =Y”, in which Y is the waterdepth. (p.250)

. . H .
— Dean number for beach erosion/ accretleﬂ_‘?F expresses the importance of the
w

fall velocity and breaking waves that lift the palds. Fowler and Hughes (1991)
recommend similitude of this Dean number for sedimmovement in the
breaking zone. (p.252)

]
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— Simultaneous modelling of bedload and suspendedmsedl transport is
complicated by differences in the fluid motion pees.

Hughes S.A., ‘Physical models and laboratory tephes in coastal engineering'.
World Scientific, 1993

- Explains the dimensional analysis and gives exasnpecified to coastal
engineering. The four main steps are:
o0 Identify the important independewdriables of the process
o Decide which variable is to be the dependent véiab
o Determine how many independent dimensionless ptsdean be
formed from the variables
0 Reduce the system variable to the proper numbemaépendent
dimensionless variables.

— Put the variables in the three main categories &tgymMaterial Properties and
External Effects. Some, like time, do not fit oné them, but can be very
important.

- Rule of thumb for the Buckingham Pi theorem (alsdled Pi-theorem ofl-
theorem): In a dimensionally homogeneous equatimolving n variables, the
number of dimensionless products that can be forfred n variable is n —,
where r is the number of fundamental dimensionompassed by the variables.
In a dimensionally homogeneous equation, the dioensf the left-hand side
variable equals the dimension of any of the termstle right-hand side that
stands by itself. E.g.x, = f(X,, X, X,,...., X ). According to the Pi-theorem, such

equation can be rearranged into a new equation esgpd in terms of
dimensionless products (Pi-terms) &k:=W¥(1,,M,,.....M10 _ ).

— Similitude criteria are imposed by physical relasbips between parameters, also
called scale laws.

— Similarity conditions are chosen by the experimente make the model
reproduce satisfactory results.

- Methods to establish model similitude:

o Calibration, a lengthy trial and error method, stimes still used for
very complicated processes, like movable-bed models

o Differential Equations, if they are known and shownbe accurate,
they can be made dimensionless and used for siohalit

o Dimensional Analysis, a method to come up with disienless
products from the process variables, the dimensgsnkerms to be
preserved in the scaling process. Physical insighthe process is
required for making the right choices.

0 Scale Series, several models constructed at diffeseales. Useful for
complicated processes, but the extrapolation ofilt®go prototype
scale must be done with great care, as scale effeaght still be
introduced.

— A distinction is made between geometric similarigmematic similarity and
dynamic similarity (p.54).

- Froude criterion, p.64, Reynolds criterion p.6%, et

— The Reynolds number for porous flow in a breakwatex length scale should be
the average void dimension. The Reynolds numbethigrcase should be above
30.000 in order to be able to neglect the viscoffisces, p.70. For higher Re
numbers, the viscous force does not depend on it.
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- Models that maintain geometric similitude are chllmdistorted models, p.76.
— Conditions for short-wave model similarity, p.91:

0 The Froude number must be preserved

0 The Strouhal number must be preserved

0 The Reynolds number must be preserved

0 The Euler number must be preserved

- The first two indicate that Froude scaling mustapelied, with the period scaled
the same as the Froude time scale. The third isllysoot fulfilled, while the
fourth is automatically met.

- Wave transmission through rubble mound structuseseduced in small scale
models because the frictional losses on the smalesare greater. Usually the
size of model stones is increased to counter ffestep.101.

— Surface tension rule of thumb: effects important geriods < 0,35 s and water
depth <2 cm. p.107.

- Wave breaking: difference in air entrainment betwsedel and prototype have
no significant dynamic influence, as the total ggdsudget remains in similitude
by the momentum theory, p. 116.

— Salt vs fresh water: 3 % density difference, but topl5 % difference in
breakwater stability if no corrections are madel 7.

— P. 170: definition rubble mound structures.

- P.173: needed knowledge before designing a model.

- From p. 175: Dimensional analysis of rubble moutmdcsures. Main findings:

0 Rubble mound structure models must be geometricalljistorted in
length scale.

o0 Flow hydrodynamics is a rubble-mound structure nhaugst conform
to the Froude criterion.

0 Rubble-mound structure models must have turbullewt tonditions
throughout the primary armour layer.

0 The surface of structure units is to be made aodmas possible.

o0 The ratio of density of stone and water is to besprved.

- Hudson, et al. (1979) recommended that the stalilimber is to be preserved,
p.180. This is aimed at armour stability mainly.

- P.185: Graph with viscous scale effect as a funatbRe, interesting, shows that
for a H of 0,10 m and ad9 of 0,033 m, Re = 2,5xfpwhich gives some scale
effect, but not very great, about 10%.

- For core material, viscous effects are more impastand core material can
therefore be made too large in the model to congterthe viscous effects. This
can be done with a distortion factor K, p.186.

— Tests of Van der Meer (1988) with irregular waves! @ai and Kamel (1969)
show that H for irregular waves corresponds reasonably welHtof regular
waves for the determination of minimum Re numbers.

- Minimum Re ranges from 6x%@o 4,5x16, but values in the order of 3x’Lfo
4x10" seem safe as they were found in more experiments.

— Air entrainment: the water bubbles are relativalggér in the model than in the
prototype. The scale effect is not understood veslbugh to quantify, but
indications are given. Larger bubbles lead to taccimenergy dissipation in the
model, reducing the wave run-up.

0 Most air entrainment occurs above SWL
o Air entrained during run-up, bubbles rise due toyancy
0 Aeration increases with T for constant H

]
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Bubbles penetrate deeper for increasing H

Plunging breakers give highest aeration

Aeration and penetration increase with increaspes&ieepness

Aeration is more severe in highly permeable stnestu

- 1:50 is a very common length scale; Hudson reconasérb to 1:70 as feasible,
p.192.

- From p.199: model operation, types of testing.

- P.246: dimensional analysis for coastal sedimamistport.

- Perfect similitude is impossible for many sedimgahsport situations, however,
if the different parameters are adjusted in thbtngay, the results can be good.
P.252.

- For bed-load transport, the grain size Re numbek the densimetric Froude
number come into play. P.248.

- Different models that satisfy part of the requirenseof eqn. 6.4, for bedload
transport, p.256.

0 The Best Model works well for bedload transportt the problem is
that sediment scaled down with the length scaléofagften leads to
particle sizes in the range of clay, and the Reymolumber is not
preserved, so viscous forces can give scale effects

o0 The Lightweight Model needs lighter materials ire tmodel, which
gives other complicated effects.

0 The densimetric Froude Model is similar to the Liighight Model, but
with more freedom of choice because the Re nunsheoti preserved.

o The Sand Model only preserves the relative densihgerefore
introducing scale effects by distorted Fr and Rmipers. Scale series
are recommended for the investigation of scalectdfe

- For suspended sediment transport, fall speed i® nmoportant, one approach is

0]
0]
0]
0]

H . :
to preserve the Dean Number, or fall speed paramet_(lg. This parameter gives
w

some indication of the importance of suspended te&dive to bedload transport,
as it can be seen as the ratio of a sedimentirfadl (H/w) and the wave period.

— Noda got good results for wave flume tests for lapiim beach erosion profiles
when the fall speed parameter was preserved, ardah poorer results when it

was not preserved. He uség_IFV as fall speed parameter. Interesting because of
g

the similarity with beach erosion profiles.
- P.296: explanation and scale factors for the fgleesl parameter scaling
conditions, and calculation of the fall speed. Tdlespeed parameter is preserved
if Ny = nunT, SO €.g. with § = nrand m = ny?, which is in accordance withene 1
for the scaling of waves.
— Criteria by Dean for geom. undistorted suspendamasiort models:
o0 The model must be geometrically undistorted
0 Hydrodynamics should be scaled according to thedeariterion
o Similarity of the fall speed parameter should bemaned
o The model must be large enough to preclude sigmficviscous,
surface tension, and cohesive sediment effecthaiotihe character of
wave breaking is properly simulated
o Sand is preferred as the model material
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— The above criteria satisfy the Froude hydrodynaeniterion, the ratio of wave
steepnessi/Lo, the ratio of fall speed parameter and the raticetative density.
The drawback is that the Shields parameter is restgoved.

- P.312: tests by Hughes and Fowler indicate thatpaoison between regular and
irregular waves gives best correspondencéifor Hieguiar.

Tirindelli M. & Lamberti A. ‘Wave Action on Rubble Mound Breakwaters: the
Problem of Scale EffectdD ELOS EVK3-CT-2000-00041

U : .
- Fr :ﬁ Froude scaling: maintaining the same Froude nupmgers 1. Often
g
used when waves are the dominant forge= n, = n'?=n,"2. Froude scaling,
however, neglects the effects of viscosity and aaaftension. For breaking
waves, these effects can be very important, edpeaiaen L < 0,5m, or T < 0,5s.
_ Re=Yt Reynolds scaling:m = 1. n = n% n, = n%; n, = n2. Focuses on
vV
viscosity.

2

- We= P

o
The latter might play a role is this research tasuses a scale effect on breaking
waves.

— Cauchy number scaling is related to the Mach numéed is important when
compressibility is the dominant factor.

— Both intrinsic water properties of water and ex&bfiactors like interaction, give
scaling problems.

o Entrained air alters the density and compresgibialitthe mixture, and
has a “cushioning” effect on jet impacts. Air iresh water behaves
differently than in sea water, causing differentidvoatios, and can
influence test results. Even when sea water is,ussd observations
have shown higher aeration in full scale waves thdast waves.

0 Air compression during wave impact results in ahhignon-linear
process, that is very difficult to model. All meth® mentioned give
problems.

o0 The damage of armour layers gives less scalinglgmdy as long as
Re is high enough.

o0 Run-up and overtopping are underestimated in Fraedéng, except
for high Re numbers or for high overtopping disdjes:

- Porous flow: when core material gets smaller, tighce disappears and laminar
flow becomes dominant, where in the full scale motebulence might give
significant differences. (see also Burcharth e{899))

— Transport of sediment (movable bed or in this cas@able core material) gives
extra scaling problems: the sediment parameters toalve scaled as well.

o Grains remain in suspension when ¥ ws. The bed shear stress
depends on various mechanisms. Suspended anddreghdrt cannot
be scaled simultaneously in a quantitatively adeuvaay.

o0 For bed load the Best Model works quite well in thebulent regime,
Re is not preserved.

0 For suspended load the dimensionless fall speednpser is
important. Shields is not preserved, but is letesveat than turbulence.
The scaling of sediment patrticles is a problem.

Weber scaling: is important for surface tensiod air entrainment.

]
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— The inability to scale down the grain size corealves the most pronounced
scale effects with mobile beds.

- P.5: properties of sea water with comparisonseshfiwater. For fovater:

o Density = 1027 kg/ ratio = 1,0272
0 Viscosity = 1.356x186, ratio = 1,037
0 Together the ratio =1,0272 x 1,037 = 1,0652, 6¥%®Gerror.

- Waves with L < 0,5 m or T < 0,5 s: surface tenssom viscosity effects give
scale effects.

— Bullock et al. (2001) found 10% higher impact press in the model than in the
prototype for Froude scale factor 1:25 athg= 0,25m.

— Scale effects for wave-structure interactions Vit as critical Reynolds number
with U = V(gHs). The Froude criterion is applied for the scaling.

o Dai and Kamel (1969) found no scale effects on amdamage for
Re > 3x10 with Dpnso = 20-300 mm and regular waves.

o Thompson and Shuttler (1975) found no clear depeadef the
erosion of Re witlDp50 = 20-40 mm with irregular waves.

o Van der Meer (1988) and others found no significscdle effects on
armour stability foRe = 1x10¢ - 4x10 with irregular waves.

o Jensen and Klinting (1983) argued from theoreticaisiderations that
Re > 0,7x10.

o Sharp and Khader (1984) proposB& = 4x1C, but Kajima and
Sakakiyama (1994) suggested. = 3x1d for regular waves.

— Wave run-up can be underestimated in the mdekelvalues are suggested to be
the same as for wave impact.

- Van der Meer and Veldman (1991) found no significacale effects for berm
breakwater erosion patterns between a 1:7 and & &cale model. Wave
overtopping and reflection were similar, only wav@nsmission was 10 — 50%
higher in the larger model for the largest waves.

— Sediment transport scale effects are already mmesdidor Hughes (1993).

Burcharth H.F., Liu Z. & Troch P'Scaling of Core Material in Rubble Mound
Breakwater Model TestCoastal and Port Structures, South Africa, Ad9I99

- Froude scaling gives too low Reynolds numbers (togh viscous forces),
especially in the finer materials like the core.

- Ip = Im, keeping the hydraulic gradient the same in maaal prototype, is a
better way. | can be calculated with the extendedtitheimer equation, in which
the last term can be disregarded for the porowsiica breakwater core.

- Now the model grain structure is scaled with=Iln and Forchheimer, and the
flow velocities with Froude scaling.

— The problem is that | and U are varying both incgpand time, so a characteristic
value for | has to be chosen, based on knowledgetathe wave-induced pore
pressure distribution in the prototype core.

0 The amplitude seems to decrease exponentiallyaribigl core.

0 Pressures increase almost linearly with H (for tamtsT).

0 The horizontal pressure-amplitude-gradients arehrhigher than the
vertical ones.

— A formula for the estimation of the pore velocitiasthe core is presented, using
the exponential decay function, assuming harmorscillation of the pore
pressure in a fixed point, neglecting the intermater set-up and using the
Forchheimer equation to get from | to U/n..Rx the reference pressure being the
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pressure amplitude at x = 0 where the wave entarscore, has to be known
beforehand.

— Suggested scaling procedure: the core grain sizseidh that the Froude scaling
law holds for a characteristic pore velocity, whicéin be chosen as the average
velocity of 6 characteristic points (see fig.8),eeaged over one wave period.
(example for the Zeebrugge breakwater is given)

Martin F., Martinez C., Loménaco P. & Vidal @ new Procedure for the Scaling of
Core Material in Rubble Mound Breakwater Model Bésinternational Conference
on Coastal Engineering, Cardif, 2002

- Presents a method of defining a characteristic petecity in the core of rubble
mound breakwaters under wave attack.

— Direct Froude scaling leads to problems if Re 0Q0.

- VOF calculations are used as input, RMS averagifigthe instantaneous
velocities is preferred above Burcharth’s averagiagr T.

— A four-point spatial average of the RMS value of fhore velocities is presented
to replace the six-point averaging of Burcharth.

— This paper gives a further elaboration on the sgalnethod presented by
Burcharth et al. (1999), making it more applicabl@ractice.

— The problem of scaling down sand remains, as the material in these papers is
much larger than sand.

Oumeraci H.'Role of Large-Scale Model Testing in Coastal Erginng -Selected
Examples Studies performed in GWK Hannavéowards a Balanced Methodology
in European Hydraulic research, Budapest, May 2003

- Discusses the importance of large-scale modelngstdo overcome scaling
problems.

- Physical modelling is important, especially in cdexp highly non-linear
situations.

— Scaling problems for various applications are dised and examples of large-
scale test set-ups are presented.

- Promising developments are in the field of comkgmsmall-scale and large-scale
tests, adding numerical modelling and field meanemts to validate and
calibrate the tests.

- Interesting, validation of small-scale tests wingke-scale tests was one idea to
carry out, but is not feasible within the Msc. tises

Lara J.L.‘A Numerical Wave Flume to Study the Functionalttyd Stability of
Coastal Structures’PIANC Magazine AIPCN, no 121, October 2005

— Discussions on present state models:

o Potential-theory models cannot describe the brgakih waves; the
rotational and turbulent processes during and dfteaking gives
problems.

0 Smooth Particle Hydrodynamic (SPH) models calculagekinematics
of each particle and its interaction with its ndiglrs. This works very
well, but SPH models need too many calculationsldoge domains
and porous flow cannot be solved.

0 Navier-Stokes equation (NSE) based modelling isingmp, but still
in a developing phase for the field of coastal eegring. The

]
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technical developments in computers make these Isidoecome
feasible.

— NSE models still take no turbulence generationioig®n into account. Models
that take this better into account are availablev,niike RANS-based models.
They work better, but need large computational powhe COBRAS model is
the best example at this stage.

- The COBRAS model is presented and discussed; validaives good results
and practical applications are presented.

- It would be interesting to try to model the sanadyecbreakwater with the open
filter, but this would rather be a thesis topiciteelf than a supplement to my
thesis. Further, the transport itself remains @@ to model.

Troch P., De Rouck J. & Burcharth H.FExperimental Study and Numerical
Modelling of Wave induced Pore Pressure Attenuatioside a Rubble Mound
Breakwater. International Conference on Coastal Enginee@aydif, 2002

- Practical application of the method presented bycBarth et al. (1999) for the
Zeebrugge breakwater.

- Numerical simulation of the same situation with \lD&aK.

— Comparison shows good results, pore pressure aienuis governed by an
exponential damping model.

Troch P., de Somer M., de Rouck J., van Damme &rméir D., Martens J.P. & van
Hove C. ‘Full Scale Measurements of Wave Attenuation insiddeubble Mound
Breakwater. International Conference on Coastal Engineeri@gando, Florida,
1996

— Data from full scale measurements are obtainedcandbe used for physical and
numerical model validation.

— Wave run-up levels of up to 50% higher than in labary tests were found,
indicating scale effects.

— The exponential decay of wave-induced pore presgiside the breakwater is
found here.

Helgason E., Burcharth H.F. & Grune‘Pore Pressure Measurements inside Rubble
Mound Breakwaters’International Conference on Coastal Engineetimgfon, 2004

— Comparison of small-scale and large-scale testisgncase no large scale effects
have been observed in the pore pressures.

Oumeraci H. & Partenscky H.WWave-Induced Pore Pressure in Rubble Mound
Breakwaters’ Coastal Engineering, Ch 100, 1990

— Pore pressure study starting from wave energy.

- Use of wave gauges inside the filter layer

- Wave damping by filter layer studied. The amountskipation in armour and
filter layer is strongly dependent én
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Other articles
den Adel H.Transportmodel voor filters dl 1 Samenvattin92
den Adel H.Transportmodel voor filters dl 2 loodrechte strowgi 1992
den Adel H.Transportmodel voor filters dl 3 parallelle stromg'. 1992

de Groot M.B., Yamazaki H., van Gent M.R.A. & KhayirZ. ‘Pore Pressure in
Rubble Mound BreakwatersCoastal Engineering 124, 1994

Halter W.,'The behaviour of erosion filters under the influerof wave loadsMSc
thesis, Delft University of Technology, 1999

Jansens R.Turbulent velocity fluctuations in filterlayer due wave action'MSc
thesis, Delft University of Technology, 2000

de Rouck J. & van Damme LOverall Slope Stability Analysis of Rubble Mound
Breakwaters’ International Conference on Coastal Engineeri@gando Florida,
1996

Indrarantna B. & Radampola $\nalysis of Critical Hydraulic Gradient for Partle
Movement in Filtration’ Journal of Geotechnical and Geo environmental
Engineering, April 2002

Indraratna B. & Vafal F:Analytical Model for Particle Migration within Bas Soil-
Filter System’ Journal of Geotechnical and Geo environmental irf&aying,
February, 1997

Locke M., Indraratna B. & Adikari G:Time-Dependent Particle Transportation
through Granular Filters’ Journal of Geotechnical and Geoenvironemental
Engineering, June 2001

Os P,.'Hydraulic loading on a geometrically open filterwscture, MSc thesis, Delft
University of Technology, 1998

Watanabe A,A Sheet-Flow Transport Rate Formula for Asymmetforward-
Leaning Waves And Currentdnternational Conference on Coastal Engineering,
Lisbon, 2004

de Vries M.'Waterloopkundig onderzoek college handleiding b Beélft, 2004
van der Hoeven M.Abehavior of a falling apron'Msc thesis TuDelft, 2002
de Jong W., Verhagen H.J. & Olthof ‘Experimental Research on the Stability of

Armour and Secondary Layer in a Single Layered apmid Breakwater’
International Conference on Coastal Engineeringhan, 2004

— This article is focussed on the interface betweanoar and filter, rather than
between filter and (sandy) core material.
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Hagerty D.J. & Parola A.CSeepage Effects in some Riprap Revetmedtsirnal of
Hydraulic Engineering, July, 2001
— Does not seem interesting for now, maybe for agsgdailure types at a later
stage.

Lone M.A., Hussain B. & Asawa G.L:Filter Design Criteria for Graded
Cohesionless BasesJournal of Geotechnical and Geoenvironmental fe®ging
ASCE, February, 2005

- Research into closed filter behaviour, taking iat@wount gradation of both filter
and core material. Improvement of the Terzaghi- eoparable rules.
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Appendix Ill Erosion growth curves

Only one figure with the erosion growth curves hasn shown in the report, with all

the tests for up to 120 minutes. Some tests hateddonger and for easy comparison
tests are excluded from figures to get groups tdr@sting tests. The figures are
shown for completion.

Erosion area growth comparison

350

300 —®— Test1 R10120
Test2 R10120
Test3 R10120
250 —¥—Test4 J10120
///- ——Test 5 J08107
—=—Test6J12131

200

~ — Test7 J14142

P % Test8 J10100

% Test9 J10150

g 150 Test 10 J10200

5 ,/ // I Test 11 RO5300

g / Test 12 Wide grading
W 100

‘ —®— Test 13 J05085

—— Test 14 J16152

% Test 15 R03200
50 1 — Test 16 J10120 1in4
//'f// —— Test 17 J10120 1in2

0 > —_—— T ———————1———
20 40 60 80 100 120
-50
Time (min)
Erosion area growth comparison of tests with a long duration

350

300 —® Test1 R10120
Test2 R10120
Test3 R10120

N
[=]
o

" Test7J14142
Test8J10100
Test9J10150

250 —*—Test4 J10120
—&— Test 5 J08107
——Test6J12131

Test 10 J10200

M //’ Test 11 R05300
Test 12 Wide grading
—®— Test 13 J05085
—+—Test 14 J16152
f /o/ Test 15 R03200

Erosion area (cm"2)
=
o
o

=
o
O

507

Test 16 J10120 1in4
" Test17J101201in2

0 > = = -

T T
100 200 300 400 500 600 700

-50

Time (min)

XXl Van Oord i



Erosion area (cm”2)

Erosion area (cm"2)

Erosion area (cm"2)

Open filters in breakwaters with a sand core
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Appendix IV Work plan and time schedule

The thesis work will be divided into a number ofpst that should be taken in order to
reach the objective. The time planning serves amaication and as a guideline to
measure the progress during the thesis study.

Work plan

Literature study, 4 weeks

A literature study is a logical start of the themisl is necessary to get acquainted with
the subject and the theory, and knowledge alreachsemt. Chapter 6 gives an
overview of the studied materials with short sumesaof the information interesting
for this study.

Problem analysis, 4 weeks

The theory has to be analysed for what is knownalndit is lacking for the specific
problem. When the lacking knowledge is known, thgotive can be formulated and
the possibilities for research explored. Choicesehto be made at the end of the
analysis, see chapter 3 for this.

Test preparation, 8 weeks

Before tests can be performed, the set up of tfiereit tests has to be determined.
The tests will probably be performed in a wave fturaf the Fluid Mechanics
Laboratory of the faculty of Civil Engineering a@kosciences. This wave flume is
about 40 m. long, 0,80 m. wide and 1,00 m. deepuafe generator at one end can
generate regular and irregular waves. These prepasado not necessarily take eight
weeks, but because the facility is only availalbdaf January, this period takes such a
long time. During this time, all the preparatiohstt can be done prior to the testing
will be done, to assure that as soon as the fllsnavailable, the testing can start.
Besides this, focus will be on the final report, amsiderable parts of this can be
written already.

Testing, 7 weeks

The most time consuming part of the test is thepar&tion, the construction of the
right sand slope and the proper filter placemehe fest itself will take about a few
hours, while the rest of the day and the next dayeapected to be needed to prepare
the next test. This way, possibly one test eveny tlays can be performed, once the
set up and way of working are familiar. The dumatwf the testing depends on the
number of tests to be performed, the time neededgseé and the availability of the
facility.

Analysis, 4 to 8 weeks

When all tests are performed, the results can laéysed. For this purpose, the data
from visual and measured observations have to bénpa practical form. Computer

programs are available to create coordinates froph@ograph of a profile. Other

ways of processing will depend on the form the diatan the tests have.

The deformation of the structure, the developmdng¢rosion and accretion in time

and space, dependent on the loading parameterdagodt, are what has to be

examined.
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Reporting, 7 weeks

The findings have to be reported in a clear anil sehy. The results are presented in
a thesis report and finally a presentation.

Time schedule

In order to keep a good view on the progress oftliesis work, a time schedule is
made and will be updated during the study. The duleepresented here is only a first
estimation of the time needed per part of the stadg will be updated when new

information is available.

[Month September __[October ovember lecember | Jdnuari Fdrbruary M%’ ch [April May
W eeknumber 36| 37] 38] 39] 40[ 41] 42] 43] 44] 45[ 46] 47] 48[ 49 50 51]52[ 1] 2[ 3] 4] 5] 6] 7] 8] of10[11]12[13[14] 15[16] 17 18] 19
Activity

Literature study
Problem analysis
Workplan

Test preparation
Testing

Analysis

=

Presenting -

Reporting
Figure 8-3 Time schedule

This schedule shows four weeks for the problemyaimland choices for the tests,
eight weeks for the preparations, seven weeks tthdoactual tests, four weeks to
analyse the data and three more weeks to procesdirttdings and put all the
information and followed procedures into a fingloet.

Seven weeks of testing and the rough estimate eftest every two days, results in
the performance of about 14 tests. The suggest@ideshask for 12 to 15 tests, which
should be possible to perform within the plannetkti Eventually 17 tests have been
performed in about 7 week.
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