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Wave kinematics inside homogeneous rubble-mound submerged breakwater

PREFACE

This master thesis is written as a final part of my studies for the diploma of Civil Engineering
at National Technical University of Athens (NTUA). This graduation project took place at
Delft University of Technology in the framework of ERASMUS student exchange program |
participated in.

Executing a graduation project is an integral part of the education program at Civil
Engineering and is regarded as the final work of the education in which the student shows
his skills and knowledge obtained at the faculty. The focus of this project was on water
circulation inside breakwaters and a major part of the research was executed by
experiments in the wave flume of the Stevin lll-laboratory at Delft University. The topic of
breakwaters is a part of the Coastal Engineering section; however, the laboratory is a part of
the Fluid Mechanics section.

This report is an overview of an investigation on the thesis subject: Sufficiency of new water
for marine life inside homogenous submerged rubble-mound breakwater. The main research
objective is to obtain a proper insight of the water flow inside breakwater and to define a
method to predict the adequacy of new water for the prospective inhabitants of the
breakwater. For the investigation of this subject, a physical model was developed at the
Laboratory of Fluid Mechanics of TU Delft.

| would like to thank in the first place prof. H.). Verhagen (from TU Delft) for his instrumental
arrangements and thoughtful supervision. | am equally thankful to prof. C. Memos (from
NTUA) for providing me this opportunity and sharing his knowledge. | am also grateful to S.
de Vree for his daily technical support during tests.

P. Mingou
Athens, July 2011
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Wave kinematics inside homogeneous rubble-mound submerged breakwater

ABSTRACT

The main objective of this study is to give estimation about the pore velocity of a
homogenous rubble-mound submerged breakwater as well as the flow of water inside it for
different water levels. This research has been performed by means of a physical model. Five
variables are considered in this study:

. wave period
. wave height
. submergence factor
. pore velocity
. pressure differences

Also, some consideration was given on the environmental impact of a homogenous rubble-
mound breakwater. It would be interesting to investigate whether with given conditions
marine life could inhabit in the breakwater.

In the analysis of the data collected from the measurements, the impact of the varying
parameters is investigated leading to useful conclusions and better understanding of the
entire process.

Finally, suggestions of further research on this topic are discussed.

KEYWORDS

Submerged
Rubble mound
Homogenous
Breakwater

Pore velocity
Water flow
Pressure gradient
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EKTENHX ITIEPIAHWH

OL KUHOTOBPAUOTEG AMOTEAOUV CNUAVTIKO TIPAYovVTa YLo TV SLaTpenon Kat avadelén twy
TIAPAKTLWVY TIEPLOYX WYV, e€aLTOG TNG LEYAANG CUYKEVTPWONC MANBUGUO oe autég. Ooov adopd
Toug UdaAoug KUpaTtoBpalOTEC, TAPOUCLAlOUV CNUAVTIKA TIAEOVEKTAUATO OE OXECN WE
TouCg UPAAOUC, OTIWGE N OLKOVOULKOTEPN KOTOOKEUN KOL CUVTAPNON, N TiLo Ao tapépupacn
oto awedntikd meplBaliov kot n Siatnpnon BoAdcolog {wrg OTO0 £0WTEPKO Toug. H
Balaoola xAwpida kat mavida €Aketal amd tou¢ ¢duacikolG oykoAiBoug yia tpodrn Kot
npootaoia. Eival onuavtikd Aoutdv va HeAeTNOel edv UTIAPXEL EMAPKAG AVOVEWGCN VEPOU
KOL Aapa OEUYOVOU OTO €0WTEPLKO HLAC TETOLOC KATAOKEUNG WOTE VO UIOPECEL va
dhotevnoel Lwa kot puta tng Balaocoac.

H emidoyn tng TUTKAG SLATOUAG Tou KupatoBpalotn mou Ba peAetnBel ylo To okomd auto
EMAEXONKE WOTE va avtamokplvetal o MANBwpa TepmTtwoswy. Etol, mapaAndbnke o
TIUPAVAG Kol GAAQ UTIOOTPWHOTA KOL £TOL N KATACKEUN TIPOEKUYE OUOYEVAG, TPAYHA TTOU
OLEUKOAUVEL KOL TNV avovéwon Twv USATWVY Kol Apa TO OKOMO QUTNACG TNG MEAETNG. H
guotabela Tou KupotoBpavotn PeAeTAONKe pe BAaon To TUTILKO KOO oXeSlacpoU yla to
Sebopéva TG Meooyeiou kal £ToL TpoékuPe To PEyeBOC TwV oyKoABwWY Tou amoteAolv TV
KOTOOKEUT).

To e0poG TwWV TIHWV TIoU eMIAEXBNKe yla Ta melpapota sival 0,40-1,40u vPn kLpATog,
SnAadn yla Hikpd OXETIKA KUpata ou epdavifovral Kuplwg Katd tTnv Kahokotpivr) mepiodo
KOl améXouv KOTd TIOAU amod 1o KUpa oxedlaopol. Auto ouvéPn yla va peletnBel n
avavéwon Twv uddatwv yla tn Suopevéotepn mepilmtwon, SnAadn yla TNV MEpimTwon
KUMATWY HLKpoU UPoug. MehethBnkav cevapla ya Stadopoug cuvduaopolg vPwv Kal
TepLOSWV KUPATOG, EVW T OevVApLa auTd emavaAnddnkav ylo StadopeTikolg CUVTEAECTEG
BUBLONG wote va katavonBel kal n emppor AuTr¢ TNG MAPAUETPOU OTNV EPEUVA QUTH).

Y€ TEPAUATIKO HOVIEAO UTIO KALMOKA TOMOBETABNKAV TOXUUETPA KOL TILECOUETPOA YLA VOl
npoodloplotel N avavéwon Twv USATWY OTO E£0WTEPIKO Tou Udalou OpoyevoUg
KupatoBpavotn. TomoBetnBnKav 0To ULoO Tou UYPoUC TNG KATAOKEUNG H/2 evw KATd UrKog
ool XWPLoOUE TNV KATACKEUN OE TPlo HEPN, avAvTn TPAVEC, OTEWN KAl KOTAVTN TPAVEC,
tonoBetnoape €va TayUPETpo ot KABe pépog. Ta oevdpla ya Sladopetikd UyPn Kat
nieplodol KO paToG KABWCE Kal ylo. cUVTEAEOTEC BUBOLONG TpOTOTIOINONKAY 08 KALLOKA WOTE Va
T(POCOUOLATOUY TIC KATAOTAOELG O PUOLKI KALLOKAL.

Katd tnv avdAuon twv Tepapotikwy Sedopévwv peletnBnke n emppor tou UPoug
KOMATOGC KoL TNG OLOUETPOU TwV OYKOABwvV OTIC TOXUTNTEG OTO E0OWTEPLKO TOU
KupotoBpavotn yla Sladopetikols cuvteleotég PuUBLONG. TN OUVEXeld, UeAeTnONnke n
ETUPPON TNG TEPLOSOU TWV KUUATIOUWV OTIC TaxUTNTEG ylo SLadopeTIkoUG CUVTEAECTEC
BUBLoNG. Emiong, ue Baon Ta MELPAUATO LEAETAONKE N oXE0N METAEY TWV TOXUTATWY QVAVTN
KOl EVTOC TOU KupotoBpalotn evw mpogkuPe OTL oL SLapopLKEG TUECELG CUVOEOVTAL HE TLG
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TaxVtTNTeg péow TG £€lowong Bernoulli yia dedopévn SlamepatdtnTa Tou UALKOU TIOU
xpnotlpornotionke. Kabwg avaAldnke n emippon Twv Sladoplkwv TECEWVY YLo. SLadOopETIKA
0PN kot meplodoug KUHATOG Kal yio SladopeTikoug ocuvtedeoteg BUBLoNG, mpogkue OTL O
MNXAVIOUOG TwV SLladoplkwv TILECEWV gival SLadOPETIKOG yLa TO PWTO Kal To SeUTEPO ULGO
TOU KupoToBpavotn.

Ta Boolkdtepa cuumepdopata mou npogkuPav amd Tty HeAETn autr mopouctalovral
mapokdtw. Qaivetal kobapd OTL oL HIKPOTEPEG TAXUTNTEC OTO ECWTEPLKO TOU
KupatoBpavotn eudavilovial oto HECO TOU, evw OL TAXUTNTEG YEVIKA LELWVOVTIAL YLO
avénon tou cuvteleotn BuUBLong. OL TaxUTNTEG AvAVTIN TOU KupatoBpalotn €ivol MAvVToTe
MEVAAUTEPEC OE OXEON ME OUTEC OTO EC0WTEPLKO TNG KOTOOKEUNC, AOyw tng Stadopdg
Slamepatotntag twv Suo pEco aAAG KAl AOyw TNG PONG VEPOU EMAVW QmMo Tov
KupatoBpalvotn yla ouvieleotég Bublong peyalltepec tou pndevog. O Adyog Twv
Sladoplkwy TLECEWV UETAED TOU SEUTEPOU KOl TOU TMPWTOU HULOOU TNG KATOOKEUNG €ival
avefApTNTEG amd To VYOG Kal TNV MEPLOSO TOU KUPATOC VW O AOYOG AUTOG HELWVETAL YLa
HEYAAUTEPOUC OUVTEAEDTEG BUBLONG. 2 KAOEe eplMTwon oL SLaPOPIKEC TILETEL OTO MPWTO
MLo6 tou KupatoBpalotn eival PeEYaAUTEPEG Ot OXEON HE AUTEG OTO SEUTEPO ULOO TNG
KOTAOKEUNC.

OL KUPLOTEPEC TIPOTACELG YLOL TIEPETALPW HEAETN Tapouaotdlovtol Mopokatw. Mepetaipw
Slepelivnon Twv MAPAUETpWY TIou AndOnkav untopn og autryv TNV HeAETn. MNa mapadeyua,
MEYAAUTEPO €UPOC TIHWV Yyl VYN Kal TepLddoug KUUATOG KOBWC KoL YLO CUVTEAECTEG
BUBONG. EmutAéov pmopolv va elcaxBolv mopamdvw TOPAUETpoL Tou adopolV To
OVTLKELPMEVO auTO Kal mapoaAndbnkav xaplv amAomoinon Onwcg To UAKog tng otedng, n
KAlon Twv pavwv KaL n EMLPPON TOU aVELOU.
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List of symbols

A amplitude [m]
a Forchheimer coefficient [s/m]
B crest width [m]
b Forchheimer coefficient [s%/m?]
c Forchheimer coefficient [-]
(oN transmission coefficient [-]
C, reflection coefficient [-]
d water depth [m]
Dnso nominal stone diameter [m]
Dnsoa nominal stone diameter of armour layer [m]
Dsor nominal stone diameter of filter [m]
Dsoc nominal stone diameter of core [m]
Dis 15% value of sieve curve [m]
D5 sieve diameter, diameter of stone that exceeds the 50%

value of the sieve curve [m]
Dgs 15% value of sieve curve [m]
g gravity acceleration [m/sec?]
H structure height [m]
h wave height [m]
h, transmitted wave height [m]
h, reflected wave height [m]
h; height of water column (Bernoulli) [m]
Ahj; height difference of water column (Bernoulli) [m]
h significant wave height [m]
i pressure gradient [-]
k permeability

13 P. Mingou



Wave kinematics inside homogeneous rubble-mound submerged breakwater

K wave number

L wave length [m]
L wave length inside the breakwater [m]
L, distance between two velocity meters [m]
Ly distance between two velocity meters [m]
Lo deep-water eave length [m]
Ms mass of particle for which 15% of granular material is lighter [kg]
Msg mass of particle for which 50% of granular material is lighter [ke]
Mags mass of particle for which 85% of granular material is lighter [kg]
NS* Stability spectral number [-]
P notional permeability [-]
P, pressure [Pa]
AP, pressure difference at the front face [Pa]
APy, pressure difference at the back face [Pa]
P max maximum subsurface pressure across the breakwater [Pa]
p subsurface pressure [Pa]
n porosity [-]
S Damage level [-]
s wave steepness [-]
T wave period [sec]
T, significant wave period [sec]
sf submergence factor [-]
u horizontal particle velocity [m/sec]
v real velocity [m/sec]
21 real velocity measured at the front of the breakwater [m/sec]
Vs real velocity measured in the middle of the breakwater [m/sec]
V3 real velocity measured at the back of the breakwater [m/sec]
V¢ filter velocity [m/sec]
w vertical particle velocity [m/sec]
z vertical distance from SWL [m]
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z freeboard crest zone [m]
zZ, structure zone [m]
List of Greek symbols

a Forchheimer coefficient

§ Forchheimer coefficient

Vi roughness reduction factor

y specific weight [kg/m”]
5 damping coefficient [-]
p material density [kg/m”]
Pu water density [kg/m”]
w circular frequency

15 P. Mingou



Wave kinematics inside homogeneous rubble-mound submerged breakwater

LIST OF FIGURES, TABLES AND PICTURES

Figure 1.1
Figure 1.2
Figure 2.1
Figure 2.2
Figure 2.3
Table 2.1
Table 2.2
Figure 2.4
Figure 3.1
Figure 3.2
Figure 3.3
Picture 3.1
Picture 3.2
Picture 3.3
Picture 3.4
Picture 3.5
Figure 3.6

Figure 4.1

Figure 4.1.1
Figure 4.1.2

Figure 4.1.3
Figure 4.2

Figure 4.3.1
Figure 4.3.2
Figure 4.3.3
Figure 4.4.1
Figure 4.4.2
Figure 4.4.3
Figure 4.5.1
Figure 4.5.2

Figure 4.5.3

Dynamically stable reef breakwaters from Van der Meer journal [1993]
Statically stable submerged breakwaters from Van der Meer journal [1993]
Figure of breakwater

Notional permeability factor Van den Meer [1988]

Linear wave theory figures

Linear wave theory formulas

Linear wave theory formulas

Pressure gradients across the breakwater

Cross section of prototype breakwater

Scale model

Grading curve of the material used

Wave flume at Fluid Mechanics Laboratory of TU Delft

Wave gauges

Wave gauges

Pressure sensors

Velocity transducers

Experimental set-up

Cross section of breakwater

Dnso/h over measured velocity v, for different submergence factors

Dnso/h over measured velocity v, for different submergence factors
Dnso/h over measured velocity v; for different submergence factors
Wave heights over velocity differences for different submergence factors.
Relation between T and u/v, for different s.f.

Relation between T and u/v, for different s.f.

Relation between T and u/v; for different s.f.

Calculated velocities as a function of measured for s.f. =0
Calculated velocities as a function of measured for s.f. =0.25
Calculated velocities as a function of measured for s.f. =0.50

Flow velocity at the front face as a function of v;.

Flow velocity at the front face as a function of v,.

Flow velocity at the back face as a function of v,.

P. Mingou

16



Wave kinematics inside homogeneous rubble-mound submerged breakwater

Figure 4.5.4 Flow velocity at the back face as a function of vs.
Figure 4.6.1 Wave period as a function of the ratio AP,/AP,
Figure 4.6.2 Wave period as a function of AP,

Figure 4.6.3 Wave period as a function of AP,

Figure 4.7.1 Wave height as a function of AP, /AP,

Figure 4.7.2 Wave height as a function of AP,

Figure 4.7.3 Wave height as a function of AP,

Figure 4.8.1 Velocity v, over AP,

Figure 4.8.2 Velocity v, over AP,

Figure 4.9.1 Velocity v, over APy,

Figure 4.9.2 Velocity v, over AP,

Figure 4.10 Variation of AP,/AP,

Photo A.1. Breakwater slope close-up

Photo A.2. Velocity transducer and pressure meter close-up
Photo A.3. Velocity transducer and pressure meter close-up
Photo A.4. Reflection absorber

Photo A.5. Velocity transducer close-up

Photo A.6. Velocity transducer close-up

17 P. Mingou



Wave kinematics inside homogeneous rubble-mound submerged breakwater

P. Mingou 18



Wave kinematics inside homogeneous rubble-mound submerged breakwater

19 P. Mingou



Wave kinematics inside homogeneous rubble-mound submerged breakwater

INTRODUCTION

Coastal areas are home to a large and growing proportion of the world's population. The
high concentration of people in coastal regions has produced many economic benefits,
including improved transportation links, industrial and urban development, revenue from
tourism, and food production. Great attention to stability and sustainable development of
the coastal zone is therefore paid by government authorities, coastal managers, owners of
real estate and many other stakeholders. Offshore breakwaters are one of the most
professional engineering measures often chosen for the sake of shaping shores, from among
a variety of coastal protection structures.

Most ancient coastal efforts were directed to port structures, with the exception of a few
places where life depended on coastline protection. Venice and its lagoon is one such case.
Protection of the shore in the Netherlands, Italy and England can be traced back at least to
the 6th century. In ancient times phenomena such as the Mediterranean currents and wind
patterns and the wind-wave cause-effect link were completely understood.

1.1. Breakwaters

Breakwaters are structures constructed on coasts as part of coastal defense or to protect an
anchorage from the effects of weather and longshore drift. The material used for their
construction can be natural or artificial stone (e.g. tetra pod) or caissons. The functioning of
breakwaters depends on their geometrical dimensions (1) in relation to the external
hydraulic forcing, (2) local sediment transport and (3) morphodynamics. Their primary
function is to reduce wave energy at the shoreline by modifying waves and currents.
Breakwaters can also redistribute sediment transport patterns so as to improve beach
features, provide toe support for perched beaches and even shelter harbours or prevent
siltation in port approach channels.

Primary distinction must be made between sheltering harbours and coastal protection ones.
Coastal protection breakwaters can be submerged or emerged while harbour breakwaters
are usually emerged.
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1.1.1. Submerged breakwaters

Submerged breakwaters have a rather secondary effect on wave propagation but can
generally cause transformation of waves and currents. The most important function of this
kind of breakwater would be to protect the beach against waves and thus improve the wave
climate in the area.

In addition, it can be noted that the submerged breakwater has two energy dissipation
mechanisms that attenuate wave height. First, energy is dissipated when the wave breaks
due to the abrupt change in water depth as it meets the front face of the submerged
breakwater. Secondly, energy dissipation takes place on the surface and in the permeable
layer of the submerged breakwater.

1.1.1.1.  Classification of submerged breakwaters

Low-crested structures can be classified into three categories: dynamically stable reef
breakwaters, statically stable low-crested structures with the crest above SWL and statically
stable submerged structures.

Dynamically stable reef breakwaters (Figure 1.1)
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Figure 1.1 Dynamically stable reef breakwaters from Van der Meer journal [1993]

A reef breakwater is a homogenous pile of stones without filter layer or core and it is
allowed to reshape by wave attack. The equilibrium crest height, with corresponding
transmission is the main design parameters.

This type of breakwater is a little more than a homogenous pile of stones with individual
stone weight similar to those ordinarily used in the armour and/or the first underlayer of
conventional breakwaters. The initial crest height is just above the water level. Under severe
wave condition it is allowed that the crest height decreases to a certain equilibrium crest
height. This equilibrium crest height and corresponding transmission are the main design
parameters. It is clear that the larger the crest freeboard R. gets the less efficient the
submerged breakwater becomes.
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The idea behind such reef breakwater is that its form changes due to wave attack. Due to its
rather large permeability, the reef breakwater type is not very well suited for supporting the
toe of a beach fill since the sand will move through the breakwater too easily.

Clear cut demarcation lines between submerged breakwaters and sills (or reefs) have not yet
been established but it might be assumed that the former have a height hz of more than 40-
50% of water depth h, or the relative submersion (freeboard) (h- hg)/hp<0.5, while the latter
are lower.

Statically stable submerged breakwaters (Figure 1.2)
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Figure 1.2 Statically stable submerged breakwaters from Van der Meer journal [1993]

All waves overtop these structures and the stability increases remarkably if the crest height
decreases. It is obvious that wave transmission is substantial at these structures.

In recent years a new concept of tandem breakwaters emerged, which employs a
submerged reef breakwater in front of a main surface-piercing structure to protect the latter
from severe waves. The submerged reef breakwater serves to reflect and dissipate wave
energy, thereby reducing the intensity of wave action on the main structure, which can then
be designed with more economic materials. It is clear that the larger the crest freeboard R,
gets the less efficient the submerged breakwater becomes.

1.1.1.2.  Advantages and disadvantages of submerged breakwaters

Offshore, submerged porous reefs respond to the growing demand for environmental
friendly solutions to coastal protection. They can achieve this by unifying coastal protection,
environmental effects, and aesthetic advantage into a multi-functional structure. Thus, they
are needed because other coastal protection solutions do not offer the same overall value to
the community.
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Submerged breakwaters can have a lot more advantages compared to emerging ones,
depending on the purpose of the breakwater.

1. First of all, submerged breakwaters can sustain habitants. So they can help
protect and sustain the marine environment.

2. Submerged breakwaters have a relatively mild but steady effect in retaining
shore side sediment and have a milder effect on the surrounding coast.
Therefore submerged breakwaters are recently replacing emerging breakwaters
in many places of the world.

3. Water exchange behind submerged breakwaters is better than that for the
emerging ones. Thus, stagnant water can be avoided.

4. Submerged breakwaters may be foreseen as long continuous structures (thus
avoiding gaps and drawbacks connected with them).

5. Sometimes, submerged breakwaters can dissipate wave energy more efficiently
than emerging ones due to the fact that in emerging breakwaters longshore
transport can be interrupted by the growing salient or even a tombolo.

6. They do not spoil the aesthetic aspect of the beach.

7. The advantages include preservation of environment and relatively low capital
investments.

Last but not least, one should not neglect some disadvantages of submerged breakwaters.
1. They may become fatal obstacles for fishing boats or small pleasure boats

2. The effect of a submerged breakwater on a coast with a wide tidal range is not
obvious because the hydraulic function of the submerged breakwater depends
of the water depth at the crown, especially at tidal coasts.

3. The reef may be difficult to inspect since it is underwater.

It may be difficult and expensive to build the reef because it is both offshore and
submerged. Construction requires a floating plant and thus may be expensive.

1.2. Problem definition and research objectives

From an environmental point of view, breakwaters can be used not only to improve the
wave climate, but also to maintain marine life inside them. It is very common that fish are
attracted to natural rock for shelter and food. This way, constructing a homogenous rubble
mound breakwater with high porosity would appeal a lot to marine flora and fauna. The
objective behind the concept is to see if such a breakwater could maintain life and promote
the diversity and abundance of it, while at the same time performing its technical function as
coastal protection.

The goal of this thesis is a natural consequence of the problem definition: to acquire
knowledge about whether a homogenous rubble-mound submerged breakwater can sustain
marine life. Standard water refreshment is essential for marine inhabitants under all
conditions. From the biologic point of view the basic parameters that can give information
about whether a mean can sustain marine life inside it is measuring the pressure difference
inside the breakwater for different wave conditions. Also, it would be interesting if we get
estimation about velocities inside such a breakwater and how they vary for different
occasions.
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Different wave heights and steepnesses are tested. Of course, it is not interesting to
investigate waves close to design, but to relatively small ones in order to see if sufficient
water flow is acquired for low wave heights. Also it is very important to see how the
submergence of the breakwater affects the flow and the velocities inside it. It is also
important to get estimation about wave and generally energy damping, or transmission of
submerged breakwaters.

Regarding the fact that flow and velocity inside a breakwater can be a multi-parametric
process, the problem is approached empirically and not analytically. To reach these
objectives, research objective will be investigated with a physical model in a wave flume of
the Fluid Mechanics Laboratory of the Delft University of Technology.

Summarized: ‘The goal of this master thesis is to describe the flow and the velocities occurred
inside a homogenous submerged rubble-mound breakwater, the final objective being to
combine technical and environmental points of view. The influence of the most relevant
parameters in this process is explored.’

1.3. Methodology

As stated in the title, the whole issue is approached experimentally. The steps followed in
order to perform a complete research which will be able to draw safe conclusions are the
following:

e First, a thorough study on the existing related literature is conducted in order to
understand the basis of the problem and identify the critical parameters that should
be taken into consideration.

¢ The second step is the design of a proper scale model which will simulate as realistic
as possible the relevant physical processes. Depending on the available equipment,
the model should be able to reproduce all the dominant parameters. The
experimental set-up requires also an accurate and handy measuring system.

e Next, a practical test procedure is defined and the experiment is executed. During
this step, apart from the continuous monitoring and inspection of all the devices, a
regular evaluation of the results is performed. This evaluation may lead to
adjustments of the experiment plan.

e The forth step consists of the analysis of the results. The influence of the dominant
parameters on the process is investigated and through analysis of these data, the
development of a prediction method is attempted.

¢ Finally, the last stage is to draw conclusions, apply the proposed method and give
some recommendations for further research.

1.4. Reader

This report begins in Chapter 2 with a study of relevant existing theories and studies about
pore velocity and pressure gradients inside a breakwater. Chapter 3 describes several
elements of the laboratory research. In Chapter 4 the analysis of the experiment results is
described. The final conclusions and recommendations are given in Chapter 5.
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LITERATURE REVIEW

Permeable coastal structures such as rubble mound breakwaters are of great interest in
coastal and harbour engineering. These structures are capable of protecting a coastal area
from excessive wave action by dissipating the incident wave energy. When studying the
structural response of rubble mound breakwaters to wave loading, the knowledge of pore
pressures and related wave attenuation inside the porous structure is important since the
pore pressures affect most responses, such as wave run-up, wave overtopping, reflection,
transmission and the hydraulic and geotechnical stability of the breakwater.

Furthermore, it is interesting to study the pore pressures and velocity inside the breakwater
so that we can draw safe conclusions about whether it could maintain marine life or not.

2.1.Physical dimensions

In order to conduct a proper experimental research, it is essential that we first understand
the way that the phenomena works. This includes previous work that has been done on this
field and also some theoretical knowledge connected to it.

2.1.1. Crest height and submergence factor

The crest height of a structure is defined in terms of the crest freeboard (R.). The crest
freeboard is the vertical distance between the horizontal part of the crest and the SWL (still
water level). In submerged breakwaters the crest height plays an important role in the
technical function of the structure. This variation is usually given with a submergence factor.
The crest elevation usually varies from -3m until Om for submerged structures. Submergence
factor is the ratio between the crest freeboard and the structure height and usually varies
between 0 for structures in between submerged and emerging and 0.50 for deeply
submerged breakwaters. Structures with submergence factor greater the 0.50 have almost
no technical function.

It should also be stated here that the submergence of a breakwater is a function of the tidal
range. That means that a submerged breakwater can be emerging when there is low tide or
very deep submerged when the tide is high. The problems occurring from tides is that the
function and characteristics of breakwater changes for the first situation while a breakwater
with high submergence factor have no influence on the waves for the second one.

A distinction can be made within the two zones: zone z; which is practically the crest
freeboard (R.) and zone z, which is equal to the height of the structure (H). Now, the
submergence factor can be defined,
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Figure 2.1 Figure of breakwater

2.1.2. Crest width

(2.1)

Concerning this parameter, submerged structures could be divided to narrow-crested and
broad-crested ones. Narrow crested breakwaters are considered the structures for which
B/h<10, while for wide structures it is B/h>10.

However, narrow crested structures become a lot less effective in high tidal states or when
storms occur. On the other hand, broad-crested structures are more expensive and they
should always be supported by proper cost-benefit studies. The rule of thumb for this
parameter is that the wider the crest the more wave energy dissipation will occur (the lower
the wave transmission). The crest width is usually close to the height of the structure mainly
for stability purposes. Last but not least, interlocking, especially on the outer layer is as
important as in non-overtopped breakwaters.

2.1.3. Slope

The slope angle has a large influence on submerged structures, but in this case wave attack
is concentrated on the crest and less on the seaward slope. Therefore, it might be allowed to
exclude the slope angle of submerged structures as being a governing parameter for stability
or wave climate. Usually, slope angles in non-overtopped breakwaters vary from 1:3 to 1:1.5
behind the breakwater depending also on the size of the stones. If seismic activity is to be
taken into account, the slopes should generally be gentler, to allow for the expected
horizontal accelerations to be absorbed without damage. Also, it is not uncommon to see
different slope angles in the seaward and landward face of the breakwaters. It shouldn’t be
neglected that slope angle and wave reflection are closely connected parameters. In fact,
the steeper the slope is, the larger the wave reflection.
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2.2.Material

In the case of a homogeneous rubble mound breakwater stone diameter and gradation are
of utmost importance and they are mainly connected to stability variables. Also, stone
placement and interlocking can also affect the functioning of the structure.

2.2.1. Porosity & permeability

Porosity (n) is defined as the percentage of voids between units or particles. This parameter
mainly depends on the grading, shape and method of placement of the armour stones on
the slope. Loose materials always have some porosity. For rock and concrete armour the
porosity may range roughly between 30-55%.

(2.2)

S
I
S

The permeability of a structure mostly depends on the size of the rock layers. It is generally
given as a notional index that represents the global permeability of the structure, or as the
ratio of diameters of core material and armour material. Also, it influences armour stability,
wave run-up and wave overtopping. Notional permeability is a parameter used in the van
der Meer [1988] stability formula to make sure that the permeability of the structure is
taken into account. It has no physical meaning and is experimentally defined. Usually it
varies from 0.1 to 0.6.
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Figure 2.2 Notional permeability factor Van der Meer [1988]
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2.2.2. Roughness

Roughness is created by irregular shaped block revetments, artificial ribs or blocks on a
smooth slope. Generally, rubble mound and concrete block structures have the highest
roughness factors. Values for roughness reduction factor y; can be found in The Rock
Manual.

2.3.Hydraulic parameters

A wave is the generic term for any periodic fluctuation in water height, velocity or pressure.
The term sea is often used for fresh waves, where the driving wind force is still active, in
contrast to swell. Swell is the name for waves caused by wind but possibly long ago (days)
and far away on the ocean (thousands of km), traveling on with the slowly dissipating,
energy gained from the wind.

2.3.1. Wave height and wave period

The wave height is defined as the difference between the maximum and minimum
elevations of the sea-surface over the duration of the wave. This duration is called the wave
period in the time domain. The wave period is the time between two zero crossings.

In case of regular waves, it is not very difficult to determine the significant wave height h;
and the significant wave period T, because they are the same for all the waves.
Consequently, there is just one correct value for both parameters.

In case of an irregular wave spectrum, breakwaters are commonly not designed with respect
to one individual wave but are based on the characteristic values of sea-states. Therefore
the incident wave height is usually given as the significant wave height.

2.3.2. Wave steepness and relative wave height
Wave steepness is defined as the ratio of wave height over wave length: s=h/L. This number
can give some information about the wave’s generation and characteristics. Generally a

steepness of s=0.01 indicates a typical swell wave and a steepness of 0.04 to 0.06 a typical
wind wave.

2.3.3. Wave length

The significant wave length (L) is equal to

L=,gd 1+i T for i<0.36 (2.3a)
L() LO

L=L,=5T7 for L5036 (2.3b)
2r L,

according to Visser’s approximation. The wave flume in this research is considered as
transitional water, so the formula for the wave length can also be applied.
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2.3.4. Transmission and reflection

Transmission is defined as the wave energy that travels past the breakwater. The wave
energy that is attenuated in the lee of the breakwater is either dissipated by the structure or
reflected back as reflected wave energy. The effectiveness of a breakwater in attenuating
wave energy can be measured by the amount of wave energy that is transmitted past the
structure. The larger the wave transmission coefficient is, the less the wave attenuation. For
submerged breakwaters, the larger the submergence is, the lesser wave energy will impact
the structure, and so the structure becomes less effective for wave attenuation. Wave
transmission is quantified by the use of the wave transmission coefficient

h
C, =—+ 2.4
‘= (2.4)

where h; is the transmitted wave height and h the incident wave height. There are also
numerous graphs of empirical data from wave tank tests that can be used to determine
wave transmission coefficients.

Reflection in breakwaters is mainly a function of the material used and the slope angle. It is
profound that for steeper slopes, bigger reflection occurs. Of course for submerged

breakwaters, reflection can be literally zero as submergence factor increases. Wave
reflection is quantified by the use of wave reflection coefficient

C =-——- (2.5)

where h, is the reflected wave height and h the incident wave height

2.4.Velocity inside submerged breakwater

Water in motion can be fully described by the Navier-Stokes equations, but in different
situations, different terms can be neglected.

ou Ou  du  1dp ou ou? ouw
R P L P e L (2.6)
ot ox 0z p Ox 0z ox oz

In most coastal structures that contain a permeable part, wave action causes non-stationary
flow. Derived from the Navier-Stokes equation the Forchheimer equation is valid for
stationary flow. Polubarinova [1962] added a time dependent term. This formula is referred
to as the extended Forchheimer equation:

1 ov,
—:Z:avf+bvf‘vf‘+c— (2.7)
Pg ‘ o ot

1_ 2
where a = 0{% o and (2.8)
n gD,
b=p L o (2.9)
n" gD,
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1-n

I+y
c=——1n_ (2.10)
ng

The expressions for the coefficients a [s/m], b [s?/m?] and c [-] have derived theoretically,
while the dimensionless coefficients a and B have to be determined experimentally.
Coefficients a, b and c depend mainly on the Reynolds number, the stone shape and grading,
while a and B depend on the grading and the shape of the stones. Without any further
information, a=1000 and B=1.1 can be used as a good first estimation. Here it should be
noted that the last term in equation (2.7) can be ignored for scaling porous flow [Burcharth
et al, 1999].

The celerity of the waves is given by the following formula
L

v=— (2.11)
T

Porous flow is the expression used for flow through a granular medium, like sand, pebbles or
stones. The loads due to porous flow often come from the soil side of the interface soil-
water. Porous flow can be either turbulent or laminar, but for coarse material the flow is
usually turbulent. Coarse materials are used in filters, sills, breakwaters.

With this equation the flow in a porous medium can be calculated.

v, =n*v (2.12)

Pore velocity is affected by the porosity of the mean. Turbulence can play an important role
in pressures and velocities as well, especially for breakwater with submergence factor
greater than zero.

Linear wave theory indicates different formulas for particle velocity considering the relative
depth. Of course these formulas apply only before and after the breakwater and in no case
inside it.
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Linear wave theory
Relative depth Shallow water Transitional water depth Deep water
Characteristics d 1 1 d 1 d 1
—<— —<—<— —<—
L 20 20 L 2 L 2
Particle
velocity
Horizontal coshK(d+z) . = Kz
Lo alg s u=a)A#sm0 u=owdesmb
d sinh Kd
Vertical z sinh K(d + z w=mdeCsmb
w=wA|l1+— [cos@ = A#cos@
d sinh Kd
Table 2.1 Linear wave theory formulas
h 2 2
2 T
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Pressure gradients inside breakwater

In a homogeneous porous media exposed to harmonic waves the amplitude of pressure
oscillation will decrease exponentially in the direction of wave propagation according to the
following expression [Biesel 1950, Le Mehaute 1957, Oumeraci 1990, et al]:

2
-5

h ,
Pinax (X) = Pu85€ k (2.13)

where x=0 corresponds to the surface between armour layer and core.

According to Burcharth [1999] it seems that there is a linear relationship between pressure
and wave height for constant period as well as pressure and period for constant wave
height. The relation between velocity and pressure gradient is written as follows:

1
v, =ki" (2.14)
in which k is the permeability [m/s] of the porous material. For laminar flow, p=1, the
Forchheimer equation reduces to Darcy’s law and k is the inverse of a in equation (2.7). For
turbulent flow, p=2.

It is also interesting to see how the pressure gradient varies across the breakwater and
especially between the front and the back face of it. It is chosen to study this at the half
height of the breakwater and starting under the first line of stones. The reason behind that is
that the half height of the breakwater is considered to be characteristic height for the flow
inside it and also it would be interesting to study the intermediate point between the
changes of the two means.

It is important to study if it would be a constant gradient across it or if it would be a

difference between front face gradient and back face one. If not it is also interesting to see
what would the parameters be affecting the angle of the line.

Linear wave theory

Relative depth Shallow water Transitional water depth Deep water
Characteristics d 1 1 d 1 d 1
—<— —<—<— — <=
L 20 20 L 2 L 2
Subsurface coshK(d + z) = —poz + pee™ Asin O
pressure : p=-pgz+ pgd P ez g
p =—pgz+ pgAsin 6 cosh Kd
Table 2.2 Linear wave theory formulas
a=n =% k=2~ 0= ot —kx
2 T L
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As linear wave theory indicates, there is not much influence of wave height to the
subsurface pressure. Also here formulas can be applied only before and after the
breakwater and not inside it.

The Forchheimer equation for turbulent flow as well as the Darcy law can help us bond
velocities and pressure gradients together and see in which way they are connected

together.

From Bernoulli:

P
h,=z,+—,where y, =p *g
Vi

APa

vi, P1 v2, P2 APb v3, P3

APa+APb

Front face Back face
APa

Figure 2.4 Pressure gradients along the breakwater

For points 1,2 and 3 we have:

P
h =z +—
Y
hy,=z,+—=
7/\4/
hy =z, +—
Y
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For the study of the hydraulic pressure is at the front and back face the structure the
following procedure was made.
For the front face it is:

P -P AP, AP
Ahlz:hz_hlz(ZZ_Zl)-‘r#:O'i'—a: a
yw }/w 7w

And for the back face it is:
P - P AP, AP
Ay =hy=h, = (2, —z,) + —=—2=0+—"=—=
7“’ 7W 7w

Burcharth [1999] equation for turbulent flow (p=2) is:
. Ah
v, = k*i"% and i = T' where L is the distance between the points.

1/2 1/2
Ah AP
So for points 1 and 2: vfl2 = f*"? :k*([,_lzj :k*(Tczj
l 7/W a

a

Butalso, v, = n*v

So, finally we have:

172
k AP

Vlzz_*[ *u j :f(APal/z) (2.15)
n \7r,*L,

Following the same path for points 2 and 3 of the back face of the structure the following
formula has derived:

1/2
AP
V23:E*( *bj = f(AR"?) (2.16)
n }/w Lb

This lead to the conclusion that flow velocity inside the breakwater is a function of the
pressure gradient. But of course this also means that pressure gradient is a function of the
flow velocity inside the structure.

So formulas (2.14) and (2.15) can be:

* 2
AP ,= (—V”k nj *7.* L, (2.17)
and
vy ¥ 2* *
APb: k 7/W ‘Lb (218)

In this case: v|, =V, —v, and v,; =v; —V,
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2.6.Conclusions

The main conclusions that can be drawn from the above literature presentation are the
following:

2.6.1. Velocities inside the breakwater
Although there is some theoretical background, not much research has been conducted
which identifies the velocities inside a homogeneous submerged breakwater. Porosity,
average and local, plays an important role of the velocities that occur inside the structure.
From an environmental point of view, it needs to be studied the real velocity but also the
flow velocity to say if a breakwater can sustain marine life.

2.6.2. Pressure gradients inside the breakwater
It is clear that pressure gradients are closely connected to water flow and thus velocities
inside a breakwater. Since velocities are quite difficult to measure, pressure gradients can
distribute in order to draw safe conclusions about the water move inside the breakwater.
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LABORATORY RESEARCH

This chapter describes the experimental study of this research. First, the required
prototype for the breakwater and the final dimensions are defined. The scaling
process is based on this prototype and leads to the scale model. Lastly, the
laboratory equipment, experiment set and experiment set-up are discussed and the
initial test plan is presented.

3.1.Prototype

The first main issue in the set-up process of a physical model is the assumption of a
proper prototype. The prototype should be a rather simple structure, yet
representative for a large range of cases. With the help of scale effects and similarity
requirements this prototype will form the basis for the design of the scale model.

The prototype consists of a simplified homogenous rock structure, which means that
some relevant dimensions and conditions are excluded. Also, the hydraulic
conditions ignore the existence of oblique waves and wind effects.

AN

1% X/
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R

Figure 3.1 Cross section of prototype breakwater

P. Mingou 38



Wave kinematics inside homogeneous rubble-mound submerged breakwater

3.1.1. Dimensions and hydraulic conditions

In order to create a representative scale model, it is necessary to assume a prototype
of a submerged breakwater. With the help of scale effects and similarity
requirements this prototype will form the basis for the design of the scale model.

For this research, the prototype consists of a simplified rock protection structure.
Several aspects have been excluded like a berm and a toe structure. The influence of
the wind and the existence of oblique waves are not taken into account due to lack
of proper simulation equipment.

The dimensions of this typical coastal structure as shown in Figure 3.1 are:
Total height: 8m

Crest width: 10m

Slope: 1.5: 1 (H: V)

Water depth: d=8m
Wave height: h=0.5*d=4m
Wave steepness: s= 0.03-0.06

A rule of thumb for these hydraulic conditions is:
Waves break for:

-s>1/7 or h>0.15L

- h>0.75H

So, it must be ensured that waves won’t break before they reach the breakwater.
3.1.2. Breakwater stability

The stability of submerged structures is usually higher than for non-overtopped
structures, due to the fact that the wave energy can pass over the crest, leading to
lower wave forces on the armor layer of the seaward slope. Usually for submerged
structures, the stability at the water level close to the crest level will be most critical.
Stability is only a function of the relative crest height H./H, the damage level S and
the spectral stability number Ns. The stability in terms of a final stable crest height
(H.) is described by [Pilarczyk and Zeidler, 1996] and [Pilarczyk, 2003]:

H' .
¢ =(2.140.18)e " 3.1
7 ( ) (3.1)

c
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This formula can be applied for regular waves as well as random ones. The natural
limiting values of the relative crest height H.//H are 1.0 (no damage at all) and 0.0
(no breakwater) respectively. The three levels of damage are: (a) S=2, start of
damage, (b) S=5-8, moderate damage and (c) S=12 severe damage (more than one
layer removed from the crest). The spectral stability number N is given by the
following formula:

N :ADS 53 (3.2)

n50

For a chosen crest height (H.), accepted damage level (S) and given water level (h),
wave height (H) and period (T), the required D50 can be calculated and the required
stone weight (Wsg) can be determined.

A first estimation of the Dnsg is given below:

H' . . :
HC =(2.1+0.1)e™" = 1=(2.1+0.1*%0)e "™ = N =53
h _1 4 _1
Ns'=——5 3 =53=—""-003°= D, =146m
Al)nSO 7 n50

3.1.3. Material

The breakwater is a rubble-mound type, so it is constructed with quarry stones. Also,
it is a homogenous breakwater, so there are no layers, underlayers or filters, just
completely constructed by stones that would usually be used for the armour layer of
a conventional breakwater. The reason why it was decided not to use core for the
breakwater is because we are interested in high and constant porosity across the
breakwater so that it can maintain marine life.

Rock material: stone class 6-10tons
Dnso= 1.46m

D15=1.50m  Dsp=1.70m  Dgs=1.95m
Shape parameter=0.84

Grading: narrow grading Dgs/D1s= 1.3
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Narrow grading was chosen due to the absence of core layer. It was assumed that
this homogenous rubble-mound breakwater was built totally out of armour layer
stones.

3.2.Scaling process

3.2.1. Froude criterion

A parameter that expresses the relative influence of inertial and gravity forces in a
hydraulic flow is given by the square root of the ratio of inertial to gravity forces. The
Froude criterion for modeling flows can be described as

N,

v =1

N,N,

This criterion is valid for flows of which the inertial forces are balanced primarily by
the gravitational forces, which is the case in most flows with a free surface.
Consequently, the Froude model law is the most important criterion to be
considered when designing a coastal scale model.

3.2.2. Reynolds criterion

When viscous forces dominate a hydraulic flow, the important parameter is the ratio
of inertial to viscous forces given by the Reynolds number. The Reynolds criterion for
modelling flows can be described:

N,N, =1

This criterion is important when viscous forces dominate the hydraulic flow.
Obviously, the Reynolds criterion does not correspond to the Froude criterion. This
means that gravity and viscous forces cannot be processed in the same scale model.
If gravity is important, viscous forces have to be reduced to a minimum.
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3.2.3. Geometric similarity

Geometrical similar models are also known as geometrical undistorted models.
Geometrically undistorted models are models in which the vertical and horizontal
scales are the same, and they represent the true geometric reproduction of the
prototype.

3.3.Scale model

The similarity criteria result in the final dimensions and material properties of the
scale model.

scale: &
h,T

R R R R R R R R R R A R R R R A A R R R A R R R R R R IR R R R
R R R R R R R R R R
A A A A A A A A A A A A A A A A AR
R LR LRI LR

Figure 3.2 Scale model

3.3.1. Dimensions and hydraulic conditions

As shown in Figure 3.2 the dimensions of the scale model are:
Scale: 1/20

Total height: 0.40m

Crest width: 0.50m

Slope: 1.5: 1 (H: V)
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Water depth: h=0.40m
Wave height: H= 0.5*h=0.20m

Wave steepness: s= 0.031

The permeability of the stones was found k=0.1m/sec.

3.3.2. Scale model stability

Same as with the prototype the (3.1) and (3.2) formula is used to define the stability
of the breakwater in scale model.

h' * * *
hc =(2.1+0.18)e™ " =1=(2.1+0.1%0)e """ = N =53

c

H .
Ns*¥=—2 3 =53= 0.2

——= 003" =D, =0.073m
ADnSO 17 * DnSO

3.3.3. Material

The hydraulic similitude results in the following material properties of the scale
model:

Dnso=73mm

Dis=75mm  Dg5g=85mm  Dgs=97.5mm
Mis=1.11kg Mso=1.62kg Mgs=2.45kg
Shape parameter=0.84

Grading: narrow grading Dgs/D1s= 1.3

Since there was no material with such grading, a manual selection from material
with very large grading was made.

The size of the pores was considered large compared to the size of the laboratory
equipment used.
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It is also very important to mention here that the breakwater was constructed in a
way that the average pore of the structure was almost the same. Great attention
was given when the laboratory equipment was placed inside the breakwater so that
the local porosity did not deviate much. Yet, the size of the pores was picked
accidentally and it could not be accurately defined or measured so there might be a
difference to the results due to this fact. This sentence will be discussed further later
on.

Grading curve
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Figure 3.3 Grading curve of the material used

The specific density of this material was found p=2625 kg/ms.
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3.4.Laboratory equipment

3.4.1. Hydraulic equipment

3.4.1.1. Wave flume

This experimental research was performed at the wave flume “Lange Speurwerk
Goot” at the Fluid Mechanics Laboratory of TU Delft. The characteristics of this flume
are:

e Length=40m
e Width=0.80m
® Height=0.80m

The walls consist of glass allowing a full observation of the process. The flume can be
filled and emptied with pump valves on both sides.

Picture 3.1 Wave flume at Fluid Mechanics Laboratory of TU Delft

3.4.1.2. Wave generator

The wave flume is equipped with a wave generator. This wave generator has Active
Reflection Compensation (ARC) and a second order wave generation technique,
which means that the second-order effects of the first higher and first lower
harmonics of the wave field are taken into account in the wave generator motion.

The wave generator is controlled with the use of DASYLab, software developed by National
Instruments. The function of the generator is determined by a steering file which contains all
the wave information: the requested wave height and period, the type of the spectrum
(JONSWAP, Pierson/Moscowitz, simple  sinusoidal etc.), its  characteristics
(peak-enhancement factor, peak width factor) and the duration. This steering file is created
with the help of software developed by Deltares and basically consists of an electrical wave
records which controls the movement of the pedal.
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The user needs to create a steering file in which various parameters are defined: the
water depth in the flume, the required wave height and the required wave length for
regular waves. The peak-enhancement factor, peak-width factor and duration of the
spectrum (last 3 parameters only for JONSWAP-spectra) have to be identified when
random wave tests take place. This steering file is created with the help of software
developed by Deltares and basically consists of an electrical wave record which
controls the movement of the pedal.

3.4.2. Measuring equipment

3.4.2.1. Wave gauges

Two sets of three wave gauges are installed inside the wave flume. The first set is
placed just in front of the breakwater and the other set is placed behind the
breakwater. The differences in voltage between the two poles of the wave gauge are
converted in the differences in water level. The water levels and corresponding
voltages are established by several calibrations of the wave gauges. This calibration
is executed by measuring the voltage for several known water levels.

The set of three wave gauges is necessary to calculate the wave height and wave
period of the waves traveling to the structure. The wave gauges measure the
differences in water level, but this is the interaction between incoming and reflected
waves. Because the three wave gauges in a set are installed at a certain known
distance from each other, a Matlab-code can distinguish the incoming and reflected
wave. This results in the relevant incoming significant wave height (H) and wave

period (T).
—

Picture 3.2 Flume close-up
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Picture 3.3 Wave gauges

3.4.2.2. Pressure sensors

Pressure difference inside the breakwater is measured with the help of pressure
transducers. They are miniature pressure sensors providing reliable differential
pressure sensing performance. Their accuracy is close to 1% and range *3.4kPa,
which is a lot larger than the range required.

Picture 3.4 Pressure sensors

3.4.2.3.  Velocity transducers

In order to measure velocity inside a porous media such as a breakwater,
electromagnetic flow meters were used. The accuracy is 1% while the range varies
from -100cm/sec to +100cm/sec.

The velocity transducers were used in this study to measure the local maximum
velocity inside the pores of the structure. From the signal occurred in every test the
RMS velocity was extracted each time.
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Picture 3.5 Velocity transducer

3.5.Experiment setup

3.5.1. Varying parameters

3.5.1.1. Wave height

Varying the wave height was not very difficult; it could be done by changing the
wave height settings in the steering file for the wave generator.

Because of the ARC, the wave generator was only able to create waves up to a
certain maximum wave height. For that reason, the significant wave height (H) in
this research varied between 0.01m and 0.10m for regular waves.

3.5.1.2. Wave steepness

Wave steepness is an alternative parameter of wave period. Again, the range was
limited by wave generator (limited pedal movement).The range of the wave
steepness used is 3-6%

3.5.1.3. Water depth

It is very interesting to see how the output data (pressure and velocity) will vary for
same waves (H, s) but with different water depths. This factor is quite important for
submerged structures and it is known that water depth varies according to tidal
conditions.
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3.5.2. Experiment code

Experiment codes are used to clarify the large amount of various experiments.

The experiment code is a combination of the relevant parameters in the experiment:
- Type of experiment

- Wave height [m]

- Wave steepness [-]

- Water depth [m]

- Velocity [m/sec]

- Pressure gradient [Pa]

3.6. Test program

It has chosen relatively low wave heights, indeed a lot lower than design wave
conditions. The main reason to do that is to see if there is adequate water renewal
inside the breakwater even during summertime when wave heights that occur are
small.

The same set of experiments has repeated for three different water depths (or
submergence factors) to see how the water depth can influence water circulation
(and thus water renewal) inside a porous media such as homogenous rubble-mound
breakwater.

3.7.Final measurement set-up

The final measurement system with scale model is shown in the Figure 3.6.
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Picture 3.6 Experimental set-up
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ANALYSIS OF EXPERIMENTAL RESULTS

4.1.Introduction

In this chapter the results derived from the experimental work are being presented. The
analysis of the experimental results is divided in two main sections: velocities and pressure
gradients. The behaviour of the varied breakwater parameters will be discussed and
compared with the elements of the literature study of Chapter 2.

Furthermore, it should be mentioned that the size of the voids where the velocity and
pressure meters where placed, were selected randomly. This fact plays an important role to
the results occurred as it is clear that it is almost impossible that the voids have the exact
same size. The size of the voids occurred in the scale model is mainly depending on the way
the stones were put together. For more accurate results, this procedure should have been
performed multiple times to safely determine an average void size.

h, T

a7
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4.2. Water velocity inside breakwater

4.2.1. Wave height and stone diameter

One of breakwaters’ primary functions is to change and control the wave climate. This
happens due to changes in wave celerity when waves meet the breakwater. Especially for
rubble-mound submerged breakwaters. It is interesting to see how the wave height
influences the velocities inside such a breakwater, what the changes of the other
parameters are and how they vary across the breakwater.

First of all, the influence of the wave height on the pore velocity has to be elaborated as well
as the effect of the stone diameter chosen. It is clear that larger velocities occur for smaller
Dnso/h ratios because then, there are larger wave heights for constant nominal diameter.
When the D50 decreases for constant wave heights, then velocities decreases as well due to
the reduction of the porosity of the breakwater.

12 4
’0
10+
*
.
= 8 - R
] 4
S
£ 6 - st ¢ + sf=0
- ] . .
> 4 e 2 ¢ m 5f=0.25
. b3
nn'l sf=0.50
2 - ] L B
s = a
%
1 2 3 4 5 6 7
Dnso/hl-]

Figure 4.1.1 D,50/h over RMS measured velocity v, for different submergence factors

From Figure 4.1.1, it can be noticed that the velocity measured at the front face of the
breakwater has different ranges for different submergence factors. The influence of the
wave height (or stone diameter) is much larger when submergence factor is zero. The
influence of the D,so/h ratio on the velocity becomes lower for bigger submergence factors
because of the turbulence inside the breakwater and thus the energy loss, especially for
submergence factors larger than zero. Furthermore, submergence factor is important to
wave breaking at the front part of the breakwater, which occurs for submergence factors
near zero.

When the crest of the breakwater and water level are equal, then the only way for water to
get through the breakwater is via the pores. When submergence is greater than zero water
can pass through the pores of the breakwater or over the structure (the R, zone). So, for
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fully submerged breakwaters there is more water circulation in the R, zone than inside the
breakwater of course because of the larger permeability of the water over the stone.

v, [em/sec]
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Figure 4.1.2 D,50/h over RMS measured velocity v, for different submergence factors

Moving from the front slope of the breakwater to the middle of it, there are many things
that change. The velocity in the middle of the breakwater is the smallest compared with the
ones on the front and back of it, as is elaborated later. The main reason why the velocities
are smaller in the middle of the breakwater is the loss of energy occurred mainly in the front
face but also the difference in the size of the voids. Also, the influence of the D,so/h
parameter is distinctively lower. In the middle of the breakwater the height of the structure
is constant while at the front and back face it is not constant, which leads to distinctively
smaller turbulence and more stable flow in these areas and thus smaller velocities.
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Figure 4.1.3 D,50/h over RMS measured velocity v; for different submergence factors
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Velocities at the back of the breakwater (Figure 4.1.3) are closely related to the ones in the
front, mainly because of turbulence on the slopes of the breakwater as the cross-section is
changing continuously, as well as the symmetry of the breakwater and the flume. This
means that the velocities at the front and at the back have similarities compared to the
velocity in the middle, which it can be said it’s in a different category. The main difference
here is that submergence does not play a very important role as in velocity v,. This has
basically to do with the breaking of waves in the front of breakwater and the reflection and
transmission occurs at the back of the structure.

It is also very important to mention that although the section for the breakwater is
symmetrical, the flow of the water inside it is not so it is expected to see some differences
occurring between the front and the back face of it. Submergence does not affect the
velocity at the back face, mainly because of the breaking of the waves at the front face as
well as energy dissipation due to wave breaking that lead to smaller values of velocity there.
Lastly, velocities at the back face of the structure are as large as the ones at the front. A
possible explanation is that this is caused by the reflection of the waves at the wave board.

4.2.2. Submergence factor
4.2.2.1. Water acceleration

Without doubt, submergence is one of the most important characteristics of a submerged
breakwater. It is clear that submergence is also connected to transmission. The following
figures show a direct relation between horizontal particle velocity before the breakwater at
the same height as the velocity meters were placed. It is to be mentioned here that the
maximum local velocity was measured and not the filter velocity. The purpose of the graphs
is to show a qualitative approach about how velocities can vary depending on the water
motion before a breakwater.

But also it has to be mentioned that not only velocity is a function of wave height, but also
velocity difference (acceleration):

Vi TV :f(hi)_f(h.f) = K(hi _h.i) = K(hi _Cthi) = K(I_Ct)hi :f(hi) (4.1)

Velocity at the front part of the breakwater makes a large difference for zero submergence,
compared to other velocities or submergence factors. Actually, for zero submergence the
velocities at the back of the structure (velocity difference between v, and v3;) are much
lower, which validates the statement that waves break at the front part of breakwater when
submergence is zero. So, a large part of the energy is lost at the front part of the breakwater
and transforms into water velocity. Also, for submergence other than zero, velocity
differences are quite low and they don’t differ between them.
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Figure 4.2 Wave heights over velocity differences for different submergence factors.
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Figure 4.2(a) shows the large values of velocity in front of the breakwater compared with the
velocity in the middle and at the back for zero submergence. This difference is caused by the
breaking of the waves in the front of the breakwater. Furthermore, zero submergence plays
an important role in this procedure as waves interact directly with the structure.

As shown in Figure 4.2(b) acceleration at the front part of the breakwater is a lot larger for
zero submergence compared to submergence factors greater than zero, once again because
of the breaking of waves upstream and the turbulence has a consequence on it. It could be
assumed that when it comes to water acceleration, zero submergence falls into a different
category than submergence factors larger than zero.

In Figure 4.2(c) it can be seen how velocity differences at the back part of the breakwater
vary in relation to the incoming wave height. Here, submergence has an inverse influence;
the higher the submergence factor the larger velocity difference occurs with the same wave
height. This makes sense only if it is considered that the lower the submergence is the more
energy loss there is due to wave breaking and thus less energy is transferred to the second
part of the breakwater.

Furthermore, it is very interesting to see that velocity in the middle of breakwater is the
lowest in all different cases. Probably, this has to do with the size of the voids that the
velocity meters are placed in as well as the turbulence that is less intense in that part of the
breakwater.
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Figure 4.3.1 Relation between T and u/v, for different s.f.
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Figure 4.3.2 Relation between T and u/v, for different s.f.
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Figure 4.3.3 Relation between T and u/v; for different s.f.
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Of course, wave period and thus wave steepness influences the character of the waves and
the velocities occurred for different submergences. Considering Figure 4.3.1 it can be seen
that the dissipation is very low as the trends have a fixed distance between them. The
physical reasoning for the distance between the lines is because of the different water levels
(submergence). Figure 4.3.3 shows that for smaller waves the ratio u/v; is larger for smaller
periods which mean that the velocity v; decreases also for short waves. This is because
smaller waves have smaller resistance, energy and mass and thus lower velocities occur
compared to waves with the same wave height but longer period. Also, in this figure the
gradient of the sf=0 trend is a lot steeper than the other trends of the same graph as well as
for Figures 4.3.1 and 4.3.2.

The reason behind this phenomenon is that as the wave is breaking at the front of the
breakwater the flow of the water is given a horizontal direction again after the breaking
which of course affects the measured velocity at that place. As for Figure 4.3.2 it cannot be
drawn a safe conclusion. Possibly this is the transitional step between Figures 4.3.1 and
4.3.3.

4.2.2.3. Particle velocity upstream
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Figure 4.4.1 Calculated velocities as a function of RMS measured for s.f. =0

Figure 4.4.1 shows that for zero submergence the velocity in front of the breakwater is much
lower than in the front face of it, while in the middle and in the back of the breakwater the
difference is not that much. Here as well, velocity v, is the lowest compared to the other
two as it was seen in the Figures 4.1.2 and 4.3.2.

What is interesting to see is that velocities at the front face of the structure are generally
larger than the particle velocity upstream, while v, happens to be smaller than the particle
velocity in front of the breakwater. This phenomenon is connected with the change of the
medium and so the permeability at the front and back of the structure. When water meets
or leaves the breakwater, in that area larger velocities occur as a result of the medium
change.
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For submergence 0.25 and 0.50 it can be seen that the following graphs have main
similarities. In both Figures 4.4.2 and 4.4.3 it is clear that the velocities in the front and back
slope are bigger than the velocities in front of the breakwater at the same height as the
velocities were measured. Also, velocities in the middle of the breakwater seem to have no
difference to the water velocity before the breakwater. Here as well, considering the
similarities of the Figures 4.4.2 and 4.4.3, it feels that zero submergence is a different
situation compared to submergence larger than zero.

O f course in all Figures 4.4.1, 4.4.2 and 4.4.3 particle velocities in front of the breakwater is
distinctively larger than the velocities measured inside the structure. This has to do with the
flow of the water above the breakwater especially for submergence factors greater than
zero. It can be assumed that the water flow via the pores of the structure is less than the
flow above it mainly because of the difference in the permeability of the two mediums. It is
interesting to notice that for zero submergence (zone R.=0) particle velocity has almost the
same value as the front face velocity (v4), this latter validates the previous statement.
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Figure 4.4.2 Calculated velocities as a function of RMS measured for s.f. =0.25
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Figure 4.4.3 Calculated velocities as a function of RMS measured for s.f. =0.50
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What it also needs to be discussed is the physical reasoning for large velocities occurring at
the back of the breakwater, considering that the purpose of the structure is to reduce and
improve the wave climate. Considering this fact, it has to be mentioned that this fact is local
and it mainly occurs due to turbulence caused by the change of medium. So when the
phenomenon is studied in a larger scale the technical function of the breakwater is not
affected.

4.2.3. Flow velocity derived from pressure gradients

As for figures 4.5.1 and 4.5.2 velocity v, is much more representative for the water flow that
occurs in the front face of the breakwater. Submergence doesn’t affect the velocities nearly.
In both cases flow velocities and measured velocities are very close.
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Figure 4.5.1 Flow velocity at the front face as a function of v;.
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Figure 4.5.2 Flow velocity at the front face as a function of v,.
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Next two figures show that submergence is more important at the back face rather than at
the front. There is on figure 4.5.4 a large difference between zero submergence and

submergence greater than zero. This of course has to do with turbulence caused in zone b
when submergence is above zero and with the energy loss that occurs at the front face for

b=0.

Overall, it is interesting that for given permeability k=0.1m/sec measured and flow velocities
are quite close to the y=x line.
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Figure 4.5.3 Flow velocity at the back face as a function of v,.
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4.3.Pressure gradients inside the breakwater

Not only measured velocities inside a rubble-mound breakwater but also pressure
differences and thus flow can give interesting information about the flow that occurs inside
a breakwater. Also, it is important that the data that come for the velocity meters and those
that derive from the pressure meters are compared and contrasted so that out coming
results are verified in this way.

4.3.1. Wave period

The following graphs clearly show the influence of the wave period over the pressure
gradients inside a submerged rubble-mound breakwater. As in figure 4.6.1, the ratio
APL/AP, rises as waves become longer in zero submergence conditions, while it seems that
for bigger submergence factors the ratio has no influence on the wave period. This has to do
mainly with the absence of the upper zone (R, zone) when sf=0 so the water can only pass
through the pores and thus its characteristics change. But, it also means that the waves
break at the front face of the structure and so there is some energy loss. Generally, for
sf=0.25 and sf=0.50 it seems that AP,<AP,, while for zero submergence it can also be
AP,=AP, for longer waves. This again occurs because longer waves are more resistant and
therefore not a lot of energy is dissipated when long waves interact with the structure.
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Figure 4.6.1 Wave period as a function of the ratio AP,/AP,

When the pressure gradients are studied indipentently and not as a ratio it is concluded
that the pressure difference rising along with the wave period (Figure 4.6.2) while for the
back face of the structure (Figure 4.6.3) the pressure gradient is almost not affected by the
change of the period.
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Figure 4.6.3 Wave period as a function of AP,

4.3.2. Wave height

As for the figure 4.7.1, wave height seems to have almost no influence on the ratio which
means that mainly submergence affects the value of the ratio which is constant for different
wave heights. The ratio stays constant for constant submergence factors and the value of
the ratio rises as submergence gets closer to zero. AP,/AP,=1 occurs for zero submergence
which means that it can be assumed that the pressure gradient stays constant across the
breakwater and it is not affected by the wave heights.

But when AP, and APy, (Figures 4.7.2 and 4.7.3) are studied individually we see that AP, rises
along with the wave height and in fact the slope of the trend is almost the same for every
submergence factor, while in APy, it is almost constant for sf>0 and rising for sf=0. Once
again here sf=0 and sf>0 are considered as two different categories.
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Figure 4.7.3 Wave height as a function of AP,

4.3.3. Velocities and pressure gradients

4.3.3.1. At the front face of the breakwater

Figures 4.8.1, 4.8.2 and 4.8.3 show the relation between velocities inside the breakwater
over pressure gradient at the front part of the structure for different submergence factors.

As for figure 4.8.1, the larger the submergence factor becomes the steeper the trend slope
becomes. This means that for larger submergences, smaller pressure gradients occur
because of the flow of the water above the structure (Rc zone).
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Figure 4.8.1 Velocity v, over AP,

Figure 4.8.2 it is clear that submergence here has no influence. Velocity v, is the same for all
submergences and it has relatively low values compared to v, and vs.
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Figure 4.8.2 Velocity v, over AP,

At the back face of the breakwater

Figure 4.9.1 shows that larger submergences lead to smaller pressure gradients because of
the flow of the water above the breakwater. What is interesting to see here is the large
difference on the values for sf=0 and sf>0, which validated the above statement.
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Figure 4.9.1 Velocity v, over AP,

As for Figure 4.9.2, smaller pressure gradients occur for bigger submergences. The physical
reasoning behind this is the flow of the water above the structure when sf>0 rather than via
the pores of the breakwater. Here again, sf=0 and sf>0 are considered different categories.
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Figure 4.9.2 Velocity v, over AP,

4.3.4. Dimensionless analysis
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Figure 4.10 Variation of AP,/AP,

Figure 4.10 shows a central finding of this research. Every submergence factor corresponds
to a certain ratio between AP, and AP,. This ratio is almost constant (slightly rising) as the
gt2/h rising. In every case AP,/AP, ratio is always smaller than 1, which of course
means that in every case, pressure gradient at the front half of the breakwater is
always larger that this at the back half of the structure. Moreover, it is interesting to
see that while submergence factor rises the AP,/AP, ratio decreases its value, as the
Rc zone becomes higher this way and thus water moves via this zone too.
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CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The detailed conclusions of the analysis are summarized at the end of each sub-chapter of
Chapter 4. The most important of them are written below.

5.1.1. Velocities inside the breakwater

The size of the voids influences intensely the local velocities that occur inside the pores of
the breakwater. This means than porosity defines the difference between flow velocity and
real local velocity. Considering the sea flora and fauna we need relatively high flow velocity
for the renewal of the water inside the structure and thus the oxygen but quite low local
velocity. So not only we need high porosity but also porosity that does not vary much from
area to area.

Moreover, the characteristics of the waves play in important role on the velocities. Longer
waves lead to larger velocities along the breakwater. Long waves are more resistant and
carry more mass and volume.

Submergence affects the velocities that occur along the breakwater and especially the
velocities at the front face, mainly because and the breaking of the waves at that area
(especially for zero submergence factors) and thus the turbulence occurred. It is not strange
when velocities differ a lot for zero submergence factors compared to velocities for
submergence factors greater that zero as the breaking or transmitting of the wave affects
the values of the velocities as well.

Particle velocity in front of the breakwater is always larger than the velocity inside the pores
because of the change of the medium and thus the change of the permeability. Additionally,
for submergence factors larger than zero this difference between particle velocity upstream
and pore velocity become even higher. The physical reasoning behind this is that
submergence factors larger than zero create a zone of water above the structure so it can be
said that there is also flow of water above the breakwater rather than only via the pores,
which happens for zero submergence factors.
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5.1.2. Pressure gradients inside the breakwater

Pressure gradients are closely connected to the velocities inside the breakwater for specific
permeability of the medium and even though the flow is turbulent. This connection
between pressure gradients and velocities can differ a lot depending on whether there is
zero or greater than zero submergence factor at the structure.

Pressure differences are affected by the characteristics of the wave such as wave height and
wave period. Pressure difference at the front part of the breakwater rising along with the
wave height or wave period while, for the back part of the structure it is that pressure
gradient and almost constant and not affected by these parameters.

Last but not least, the ratio between the pressure gradients AP,/AP, is almost constant
(slightly rising) for every specific submergence factor and it is not affected by the
dimensionless ratio gT?/h. In every case pressure gradient at the back of the breakwater AP,
is always smaller than the pressure gradient at the front AP,.
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5.2. Recommendations

The results of this research lead to some important recommendations which are listed
below.

5.2.1. Application of conclusions

The conclusions of this thesis are only applicable for a specific situation equal to the applied
prototype and conditions. Expanding the validation of the relation between the parameters
by executing experiments outside the range chosen is useful to increase the appropriateness
of the relations on practice.

Further investigation needs to be done on the environmental part of this research

5.2.2. Influencing parameters

Various influencing parameters have not taken into consideration in this research. Their
influence on the wave kinematics inside a breakwater must be investigated to define a
method for calculating velocities inside such a structure. Some of the parameters that have
not been varied are:

o Slope angle

e Crest width

e Stone size and porosity (local and average)
e Berm

e Wind

e Damage level

Moreover, parameters that have been taken into account in this research need more
investigation of determine their exact influence on the velocities and generally water flow
inside a breakwater. These parameters are:

e Water depth/ submergence factor
e Irregular wave spectrum
e More measuring points horizontically as well as vertically.

5.2.3. Scale and model effects

In the entire research, a major issue which concerns the accuracy of the final outcome is the
scale and model effects. Scaling process results in scale models simulate adequately the
reality. However, there are phenomena which may affect the entire process, that are not
considered properly on scaling process. Conducting large scale experiments, including
marine life would also be a nice idea.

This is the case for model affects also. In the analysis performed in this research, the main
issue concerning the accuracy of the model was that the wave generator had limited
functions and range. This consists of a model effect and further research should be
conducted to neutralize the impact of such effects.
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PPENDIX

A1. Physical Model

A1.1 Photos

Photo A.1. Breakwater slope close-up
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Photo A.2. Velocity transducer and pressure meter close-up

Photo A.3. Velocity transducer and pressure meter close-up

It can be seen that the distance between them is quite small.
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Photo A.4. Reflection absorber

Photo A.5. Velocity transducer close-up
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Photo A.6. Velocity transducer close-up
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A1.2 Some more graphs
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A1.3 Measuring data and computations

A1.3.1 Velocities

No |d [em] | T [sec] | h1 [em]| h2 [cm]| v1 [cm/s] | v2 [cm/s] | v3 [cm/s] | AP, [Pa]| AP, [Pa]| D.so/h | |v4-vs| [cm/sec]
53| 40 0,91 1,12 0,18 0,91 0,29 0,28 7,45 23,08 | 6,50 0,63
54 | 40 1,10 2,07 0,38 2,13 0,80 0,65 28,94 58,42 | 3,52 1,47
55| 40 1,10 2,07 0,38 2,13 0,81 0,66 28,78 58,37 | 3,53 1,47
56 | 40 0,90 1,69 0,34 1,37 0,39 0,36 10,60 35,83 | 4,32 1,01
57 | 40 1,27 2,30 0,57 3,43 1,24 1,33 68,76 96,20 | 3,18 2,09
58 | 40 1,00 1,96 0,50 2,16 0,82 0,37 28,43 63,74 | 3,72 1,79
59 | 40 1,41 3,33 0,99 4,99 1,55 2,01 107,17 134,37 | 2,19 2,98
60 | 40 0,89 2,66 0,52 2,02 0,64 0,53 17,75 62,60 | 2,75 1,49
61 40 1,10 3,33 0,63 3,52 1,16 0,96 50,51 97,07 | 2,19 2,56
62 | 40 0,98 3,40 0,72 3,05 0,98 0,79 31,89 94,07 | 2,15 2,26
63 | 40 1,20 2,73 0,91 4,55 1,68 1,13 93,81 126,55 | 2,67 3,42
64 | 40 1,67 4,14 1,56 6,18 2,35 3,02 | 140,18 | 18565 | 1,76 3,16
65| 40 1,06 4,16 1,07 4,27 1,54 0,67 79,75 | 133,76 | 1,75 3,61
66 | 40 1,13 5,19 1,56 6,02 1,85 1,06 | 120,13 170,26 | 1,41 4,96
67 | 40 1,90 6,32 2,22 8,64 2,36 4,06 | 197,00 | 240,18 | 1,15 4,59
68 | 40 1,20 4,23 1,41 7,02 2,03 1,73 | 13591 191,02 | 1,73 5,29
69 | 40 2,00 6,34 2,77 8,17 3,18 460 192,12 | 286,77 | 1,15 3,56
70 | 40 1,27 5,62 1,87 9,38 1,65 2,39 | 143,76 | 224,00 | 1,30 6,99
83| 40 1,15 2,28 0,64 3,11 1,06 0,75 52,68 77,26 | 3,20 2,36
84 | 40 1,20 2,79 0,89 4,79 1,66 1,18 97,27 | 129,01 | 2,61 3,61
85| 40 1,50 4,09 1,72 7,20 1,52 2,79 | 147,15 196,58 | 1,78 4,41
86 | 40 1,40 5,02 1,73 7,64 1,54 2,81 144,23 | 197,32 | 1,45 4,83
87 | 40 2,20 4,53 3,05 7,98 2,70 5,07 | 210,83 | 207,92 | 1,61 2,91
88 | 40 1,50 5,32 2,21 10,90 2,57 3,28 | 170,32 | 250,60 | 1,37 7,62
89| 40 2,10 5,48 2,80 8,23 3,01 553 | 189,75 | 258,32 | 1,33 2,70
90 | 40 1,30 6,65 1,87 10,65 1,92 2,54 | 244,52 175,84 | 1,10 8,12
102] 50 0,89 1,12 1,18 0,62 0,40 0,58 5,46 17,56 | 6,54 0,04
103| 50 1,10 1,65 1,67 1,42 0,74 1,10 8,21 48,33 | 4,41 0,32
104| 50 1,27 2,24 2,23 1,98 1,30 2,10 11,42 | 103,64 | 3,26 0,12
105| 50 1,00 2,38 1,92 1,52 0,94 1,33 9,26 55,61 | 3,06 0,20
106| 50 1,41 3,12 2,56 3,02 1,52 2,87 9,88 | 129,33 | 2,34 0,14
107 50 0,89 2,90 2,63 1,33 0,92 1,19 7,87 48,02 | 2,52 0,13
108| 50 1,20 3,62 2,94 2,78 1,66 2,55 13,06 | 129,01 | 2,01 0,23
109| 50 0,98 3,48 3,02 1,98 1,32 1,70 10,77 82,95 | 2,10 0,29
110| 50 1,67 4,14 3,15 4,00 1,90 4,00 20,89 | 176,65 | 1,76 0,00
111| 50 1,06 4,19 3,27 2,76 1,63 2,30 15,12 118,49 | 1,74 0,46
112] 50 1,50 5,30 3,88 3,92 2,20 4,20 21,78 | 198,94 | 1,38 0,28
113] 50 1,40 5,07 4,17 4,09 2,07 4,28 15,62 | 194,11 | 1,44 0,18
114] 50 1,90 5,13 4,15 4,59 2,64 4,78 52,57 | 201,08 | 1,42 0,19
115] 50 1,20 5,40 4,31 4,35 2,28 3,39 16,61 178,98 | 1,35 0,96
116] 50 2,00 5,88 4,71 5,23 2,86 5,91 51,59 | 228,98 | 1,24 0,68
117] 50 1,27 5,91 5,06 4,31 2,38 4,31 20,74 | 209,47 | 1,24 0,01
118] 50 2,20 5,98 5,27 5,20 1,97 5,89 58,65 | 209,22 | 1,22 0,69
119] 50 1,50 6,55 4,87 4,44 2,90 5,01 27,98 | 231,62 | 1,11 0,57
120| 50 2,10 5,94 5,88 5,61 2,44 7,13 64,41 196,92 | 1,23 1,52
124| 60 0,89 1,23 1,11 0,48 0,34 0,45 4,24 17,35 | 5,91 0,03
125| 60 1,10 1,75 1,62 1,01 0,67 0,98 3,93 50,15 | 4,17 0,03
126| 60 1,27 2,25 2,07 1,60 0,94 1,62 5,87 83,65 | 3,24 0,01
127 60 1,00 2,37 2,19 1,10 0,74 0,99 5,84 51,42 | 3,08 0,10
128| 60 1,41 3,00 2,57 2,36 1,11 2,41 7,54 | 114,66 | 2,44 0,05
130| 60 0,89 2,94 2,80 0,89 0,72 0,88 4,41 43,13 | 2,48 0,01
131] 60 1,10 2,87 2,65 1,60 1,06 1,56 5,21 8222 | 2,54 0,04
132] 60 0,98 3,57 3,24 1,48 1,05 1,38 5,31 7418 | 2,04 0,10
133] 60 1,20 3,45 3,12 2,21 1,30 2,25 7,87 | 116,47 | 2,12 0,04
134 60 1,67 3,97 3,44 3,79 1,04 4,06 12,59 | 166,73 | 1,84 0,27
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135] 60 1,06 4,04 3,65 2,04 1,29 1,98 6,89 | 106,08 | 1,81 0,06
136| 60 1,40 4,80 4,12 3,79 1,64 3,82 8,54 | 180,81 1,52 0,03
137 60 1,50 4,64 4,09 4,00 1,54 4,05 10,24 | 188,42 | 1,57 0,04
138| 60 1,90 4,89 4,43 4,13 1,61 4,63 2,53 | 200,83 | 1,49 0,50
139| 60 1,20 5,15 4,50 3,35 1,64 3,23 12,01 172,31 | 1,42 0,12
140| 60 2,00 5,50 4,95 4,54 1,74 6,03 32,89 32,89 | 1,33 1,49
141] 60 1,27 5,59 5,00 4,07 1,82 4,03 18,24 | 205,66 | 1,31 0,05
142 60 1,50 5,78 5,10 4,38 1,55 5,02 18,78 | 229,99 | 1,26 0,64
143]| 60 2,20 5,94 5,08 4,16 1,67 6,09 35,76 | 199,05 | 1,23 1,93
144] 60 2,10 6,14 5,71 4,68 1,80 6,80 33,31 227,06 | 1,19 2,12
145] 60 2,19 4,68 4,05 3,31 1,38 5,07 29,10 | 158,21 | 1,56 1,76
[v4-v,| [cm/sec] | |vo-vs| [cm/sec] | Visser's Ly[cm] | Visser's L [cm] a w k z+d d u [cm/sec]
0,62 0,01 129,24 124,50 0,01| 6,9 | 505| 020 0,40 1,630
1,32 0,15 188,97 171,87 0,01 571| 366| 020]| 0,40 3,709
1,32 0,15 189,00 171,89 0,01 571]| 366| 020]| 0,40 3,695
0,98 0,03 126,36 121,85 0,01] 6,98]| 516 | 020| 0,40 2,411
2,19 0,09 251,73 211,65 0,01 495| 297 | 020]| 0,40 4,510
1,34 0,45 156,00 147,30 0,01] 6,28| 427| 020]| 0,40 3,206
3,43 0,46 310,45 243,44 0,02| 445 2,58 0,20| 0,40 6,878
1,38 0,10 123,82 119,47 0,01| 705| 526| 020]| 0,40 3,730
2,36 0,20 188,90 171,82 0,02| 571| 366 | 020 0,40 5,953
2,08 0,18 150,04 142,48 0,02| 6,41 | 441| 020| 0,40 5,436
2,87 0,54 224,83 195,50 0,01] 523| 321| 020]| 0,40 5,195
3,83 0,67 435,38 300,53 0,02 3,76 | 2,09| 020| 0,40 9,044
2,73 0,88 175,51 162,23 0,02 592| 387| 020]| 0,40 7,215
4,17 0,80 198,91 178,70 0,03]| 556 | 352| 020]| 0,40 9,469
6,28 1,70 563,16 349,64 0,03| 3,31 1,80| 0,20| 0,40 14,235
5,00 0,30 224,64 195,38 0,02| 524 322| 020]| 0,40 8,035
4,99 1,42 624,00 370,79 0,03| 3,14 | 1,69]| 020 0,40 14,420
7,73 0,73 251,61 211,58 0,03] 495| 297 | 020]| 0,40 11,049
2,05 0,31 206,31 183,64 0,01 ]| 546 | 3,42| 020| 0,40 4,216
3,13 0,48 224,64 195,38 0,01 524 | 322| 020]| 0,40 5,313
5,68 1,27 351,00 263,27 0,02] 419] 2,39| 020| 0,40 8,650
6,10 1,27 305,76 241,05 0,03]| 449| 261| 020]| 0,40 10,332
5,28 2,37 755,04 412,71 0,02| 2,86 1,52] 020| 0,40 10,461
8,33 0,71 351,00 263,27 0,03| 4,19 2,39 0,20| 0,40 11,238
5,22 2,52 687,96 391,80 0,03]| 29| 160| 020 0,40 12,563
8,73 0,62 263,64 218,45 0,03 483| 2,88| 0,20| 0,40 13,226
0,22 0,18 123,57 117,35 0,01 7,06| 535| 030]| 0,50 1,411
0,68 0,36 188,76 179,09 0,01] 571] 351| 030]| 0,50 2,709
0,68 0,80 251,61 225,38 0,01 495| 2,79| 0,30| 0,50 4,014
0,58 0,39 156,00 150,49 0,01] 6,28| 4,18| 0,30| 0,50 3,569
1,49 1,35 310,14 261,93 0,02 446 | 240| 0,30]| 0,50 5,859
0,40 0,27 123,57 117,35 0,01| 7,06 535 0,30| 0,50 3,669
1,12 0,89 224,64 206,61 0,02| 524 | 3,04| 030 0,50 6,299
0,67 0,38 149,82 144,61 0,02 6,41 | 434 | 030]| 0,50 5,090
2,10 2,10 435,07 327,35 0,02 3,76 | 192| 030]| 0,50 8,181
1,13 0,67 175,28 167,79 0,02 593| 374| 030]| 0,50 6,652
1,72 2,00 351,00 284,89 0,03 419] 221| 030]| 0,50 10,162
2,03 2,21 305,76 259,36 0,03| 449| 242| 030]| 0,50 9,481
1,95 2,14 563,16 383,44 0,03| 3,31 164| 0,30]| 0,50 10,414
2,07 1,12 224,64 206,61 0,03| 524 3,04]| 030] 0,50 9,384
2,37 3,05 624,00 407,45 0,03| 3,14 | 1,54 | 0,30 | 0,50 12,058
1,92 1,93 251,61 225,38 0,03] 495| 2,79| 0,30 | 0,50 10,591
3,23 3,92 755,04 454,97 0,03| 2,86 | 1,38| 0,30 | 0,50 12,429
1,54 2,11 351,00 284,89 0,03 4,19] 221| 0,30 | 0,50 12,559
3,18 4,70 687,96 431,29 0,03 299| 1,46| 030]| 0,50 12,275
0,14 0,11 123,57 111,08 0,01 7,06| 566 | 040]| 0,60 1,423
0,35 0,31 188,76 182,04 0,01 571]| 345| 040]| 0,60 2,709
0,66 0,68 251,61 234,64 0,01| 495 268 040]| 0,60 3,795
0,36 0,26 156,00 149,30 0,01]| 628| 421]| 040 0,60 3,341
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1,25 1,30 310,14 275,90 0,01 | 446 | 2,28 040]| 0,60 5,260
0,17 0,16 123,57 111,08 0,01 7,06| 566 | 040]| 0,60 3,390
0,54 0,50 188,76 182,04 0,01 | 571]| 3,45| 0,40| 0,60 4,445
0,43 0,33 149,82 142,54 0,02| 6,41]| 441 | 040]| 0,60 4,903
0,92 0,96 224,64 213,37 0,02| 524| 294| 040]| 0,60 5,650
2,74 3,02 435,07 349,28 0,02| 3,76 1,80| 0,40]| 0,60 7,287
0,75 0,69 175,28 169,14 0,02| 593 3,71 0,40] 0,60 6,051
2,15 2,18 305,76 273,00 0,02| 449| 2,30 | 0,40 | 0,60 8,414
2,47 2,51 351,00 301,71 0,02 4,19| 2,08| 0,40 | 0,60 8,292
2,52 3,02 563,16 411,85 0,02 3,31| 1,53| 0,40| 0,60 9,187
1,71 1,59 224,64 213,37 0,03| 524 | 294 | 040]| 0,60 8,437
2,79 4,28 624,00 438,57 0,03| 3,14 | 1,43| 0,40]| 0,60 10,415
2,25 2,20 251,61 234,64 0,03| 495| 2,68| 040]| 0,60 9,426
2,82 3,47 351,00 301,71 0,03| 4,19 2,08| 0,40]| 0,60 10,338
2,50 4,43 755,04 491,33 0,03| 2,86 1,28| 0,40]| 0,60 11,382
2,88 5,00 687,96 465,05 0,03| 2,99| 1,35| 0,40 | 0,60 11,698
1,93 3,69 748,19 488,71 0,02 2,87 | 129| 040]| 0,60 8,968
[v4-v,| [cm/sec] | |vo-vs| [cm/sec] | Visser's Ly [cm] | Visser's L [cm] a w k z+d d u [cm/sec]
0,62 0,01 129,24 124,50 0,01| 6,90| 505| 0,20 0,40 1,630
1,32 0,15 188,97 171,87 0,01 | 571| 366 | 020]| 0,40 3,709
1,32 0,15 189,00 171,89 0,01 571]| 366| 020| 0,40 3,695
0,98 0,03 126,36 121,85 0,01 6,98| 516 | 0,20| 0,40 2,411
2,19 0,09 251,73 211,65 0,01 495| 297 | 020]| 0,40 4,510
1,34 0,45 156,00 147,30 0,01 6,28 427| 020| 0,40 3,206
3,43 0,46 310,45 243,44 0,02| 4,45 2,58 0,20 | 0,40 6,878
1,38 0,10 123,82 119,47 0,01 7,05| 526| 0,20] 0,40 3,730
2,36 0,20 188,90 171,82 0,02| 571 366 | 020 0,40 5,953
2,08 0,18 150,04 142,48 0,02| 6,41| 441| 0,20| 0,40 5,436
2,87 0,54 224,83 195,50 0,01 523| 321| 0,20| 0,40 5,195
3,83 0,67 435,38 300,53 0,02 3,76 | 2,09| 0,20| 0,40 9,044
2,73 0,88 175,51 162,23 0,02 592| 387 | 020| 0,40 7,215
4,17 0,80 198,91 178,70 0,03| 556 | 3,52| 0,20 0,40 9,469
6,28 1,70 563,16 349,64 0,03| 3,31 1,80| 0,20]| 0,40 14,235
5,00 0,30 224,64 195,38 0,02 | 524 322| 0,20]| 0,40 8,035
4,99 1,42 624,00 370,79 0,03| 3,14 | 1,69]| 0,20 | 0,40 14,420
7,73 0,73 251,61 211,58 0,03 495| 297 | 0,20| 0,40 11,049
2,05 0,31 206,31 183,64 0,01 | 546 | 3,42| 020| 0,40 4,216
3,13 0,48 224,64 195,38 0,01 524 | 322| 020| 0,40 5,313
5,68 1,27 351,00 263,27 0,02 419| 2,39 | 0,20| 0,40 8,650
6,10 1,27 305,76 241,05 0,03| 449| 261| 020]| 0,40 10,332
5,28 2,37 755,04 412,71 0,02| 2,86 | 1,52| 0,20| 0,40 10,461
8,33 0,71 351,00 263,27 0,03| 4,19 2,39 0,20 | 0,40 11,238
5,22 2,52 687,96 391,80 0,03| 2,99| 1,60| 0,20 | 0,40 12,563
8,73 0,62 263,64 218,45 0,03| 4,83 | 2,88| 0,20| 0,40 13,226
0,22 0,18 123,57 117,35 0,01 7,06| 535| 030| 0,50 1,411
0,68 0,36 188,76 179,09 0,01 571]| 351| 030| 0,50 2,709
0,68 0,80 251,61 225,38 0,01 495| 2,79| 0,30| 0,50 4,014
0,58 0,39 156,00 150,49 0,01 6,28| 4,18 | 0,30| 0,50 3,569
1,49 1,35 310,14 261,93 0,02| 446| 2,40| 0,30| 0,50 5,859
0,40 0,27 123,57 117,35 0,01| 7,06 535| 0,30] 0,50 3,669
1,12 0,89 224,64 206,61 0,02 | 524 | 3,04| 030 0,50 6,299
0,67 0,38 149,82 144,61 0,02| 6,41| 434| 030]| 0,50 5,090
2,10 2,10 435,07 327,35 0,02 3,76 | 1,92| 0,30| 0,50 8,181
1,13 0,67 175,28 167,79 0,02 593| 3,74| 0,30| 0,50 6,652
1,72 2,00 351,00 284,89 0,03 4,19] 2,21| 0,30| 0,50 10,162
2,03 2,21 305,76 259,36 0,03| 449| 242| 030| 0,50 9,481
1,95 2,14 563,16 383,44 0,03| 3,31 164| 0,30] 0,50 10,414
2,07 1,12 224,64 206,61 0,03| 524 3,04| 030]| 0,50 9,384
2,37 3,05 624,00 407,45 0,03| 3,14 | 1,54| 0,30 | 0,50 12,058
1,92 1,93 251,61 225,38 0,03 495| 2,79| 0,30 | 0,50 10,591
3,23 3,92 755,04 454,97 0,03| 2,86 | 1,38| 0,30 | 0,50 12,429
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1,54 2,11 351,00 284,89 0,03] 419] 221| 0,30| 0,50 12,559
3,18 4,70 687,96 431,29 0,03 299| 146| 030]| 0,50 12,275
0,14 0,11 123,57 111,08 0,01] 706| 566| 040]| 0,60 1,423
0,35 0,31 188,76 182,04 0,01 571]| 345| 040]| 0,60 2,709
0,66 0,68 251,61 234,64 0,01 49| 268| 0,40] 0,60 3,795
0,36 0,26 156,00 149,30 001]| 628| 421]| 040 0,60 3,341
1,25 1,30 310,14 275,90 0,01 446| 228| 0,40]| 0,60 5,260
0,17 0,16 123,57 111,08 0,01] 706| 566| 040]| 0,60 3,390
0,54 0,50 188,76 182,04 0,01 571]| 345| 040]| 0,60 4,445
0,43 0,33 149,82 142,54 0,02 641] 441| 040]| 0,60 4,903
0,92 0,96 224,64 213,37 0,02] 524| 294| 040]| 0,60 5,650
2,74 3,02 435,07 349,28 0,02 3,76 1,80| 0,40 ] 0,60 7,287
0,75 0,69 175,28 169,14 0,02 593 3,71 0,40] 0,60 6,051
2,15 2,18 305,76 273,00 002 449| 230| 040 0,60 8,414
2,47 2,51 351,00 301,71 0,02 419] 2,08| 0,40 | 0,60 8,292
2,52 3,02 563,16 411,85 0,02 3,31| 153| 040]| 0,60 9,187
1,71 1,59 224,64 213,37 0,03] 524 | 294| 040]| 0,60 8,437
2,79 4,28 624,00 438,57 0,03 3,14 | 1,43| 040]| 0,60 10,415
2,25 2,20 251,61 234,64 0,03 495| 268| 040]| 0,60 9,426
2,82 3,47 351,00 301,71 0,03| 4,19 2,08| 0,40] 0,60 10,338
2,50 4,43 755,04 491,33 0,03| 2,86 1,28| 0,40| 0,60 11,382
2,88 5,00 687,96 465,05 0,03 29| 1,35| 0,40 | 0,60 11,698
1,93 3,69 748,19 488,71 0,02 287| 129| 040]| 0,60 8,968
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A1.3.2 Pressure gradients

No | d [cm]| T [sec] | h1 [cm] | h2 [cm] | v1 [cm/s] | v2 [cm/s] | v3 [cm/s] | AP, [Pa]| AP, [Pa]| APb/Apa | Visser's LO [cm]
53 | 40 0,91 1,12 0,18 0,91 0,29 0,28 7,45 23,08 0,32 129,24
54 | 40 1,10 2,07 0,38 2,13 0,80 0,65 28,94 58,42 0,50 188,97
55 | 40 1,10 2,07 0,38 2,13 0,81 0,66 28,78 58,37 0,49 189,00
56 | 40 0,90 1,69 0,34 1,37 0,39 0,36 10,60 35,83 0,30 126,36
57 | 40 1,27 2,30 0,57 3,43 1,24 1,33 68,76 96,20 0,71 251,73
58 | 40 1,00 1,96 0,50 2,16 0,82 0,37 28,43 63,74 0,45 156,00
59 | 40 1,41 3,33 0,99 4,99 1,55 2,01 107,17 | 134,37 0,80 310,45
60 | 40 0,89 2,66 0,52 2,02 0,64 0,53 17,75 62,60 0,28 123,82
61 40 1,10 3,33 0,63 3,52 1,16 0,96 50,51 97,07 0,52 188,90
62 | 40 0,98 3,40 0,72 3,05 0,98 0,79 31,89 94,07 0,34 150,04
63 | 40 1,20 2,73 0,91 4,55 1,68 1,13 93,81 126,55 0,74 224,83
64 | 40 1,67 4,14 1,56 6,18 2,35 3,02 | 140,18 | 185,65 0,76 435,38
65| 40 1,06 4,16 1,07 4,27 1,54 0,67 79,75 | 133,76 0,60 175,51
66 | 40 1,13 5,19 1,56 6,02 1,85 1,06 | 120,13 | 170,26 0,71 198,91
67 | 40 1,90 6,32 2,22 8,64 2,36 4,06 | 197,00 | 240,18 0,82 563,16
68 | 40 1,20 4,23 1,41 7,02 2,03 1,73 | 135,91 191,02 0,71 224,64
69 | 40 2,00 6,34 2,77 8,17 3,18 460 | 19212 | 286,77 0,67 624,00
70 | 40 1,27 5,62 1,87 9,38 1,65 2,39 | 143,76 | 224,00 0,64 251,61
83 | 40 1,15 2,28 0,64 3,11 1,06 0,75 52,68 77,26 0,68 206,31
84 | 40 1,20 2,79 0,89 4,79 1,66 1,18 97,27 | 129,01 0,75 224,64
85 | 40 1,50 4,09 1,72 7,20 1,52 2,79 | 147,15 | 196,58 0,75 351,00
86 | 40 1,40 5,02 1,73 7,64 1,54 2,81 144,23 | 197,32 0,73 305,76
87 | 40 2,20 4,53 3,05 7,98 2,70 5,07 | 210,83 | 207,92 1,01 755,04
88 | 40 1,50 5,32 2,21 10,90 2,57 3,28 | 170,32 | 250,60 0,68 351,00
89 | 40 2,10 5,48 2,80 8,23 3,01 553 | 189,75 | 258,32 0,73 687,96
90 | 40 1,30 6,65 1,87 10,65 1,92 2,54 | 244,52 | 175,84 1,39 263,64
102| 50 0,89 1,12 1,18 0,62 0,40 0,58 5,46 17,56 0,31 123,57
103| 50 1,10 1,65 1,67 1,42 0,74 1,10 8,21 48,33 0,17 188,76
104| 50 1,27 2,24 2,23 1,98 1,30 2,10 11,42 | 103,64 0,11 251,61
105 50 1,00 2,38 1,92 1,52 0,94 1,33 9,26 55,61 0,17 156,00
106| 50 1,41 3,12 2,56 3,02 1,52 2,87 9,88 | 129,33 0,08 310,14
107 | 50 0,89 2,90 2,63 1,33 0,92 1,19 7,87 48,02 0,16 123,57
108| 50 1,20 3,62 2,94 2,78 1,66 2,55 13,06 | 129,01 0,10 224,64
109| 50 0,98 3,48 3,02 1,98 1,32 1,70 10,77 82,95 0,13 149,82
110| 50 1,67 4,14 3,15 4,00 1,90 4,00 20,89 | 176,65 0,12 435,07
111| 50 1,06 4,19 3,27 2,76 1,63 2,30 15,12 [ 118,49 0,13 175,28
112| 50 1,50 5,30 3,88 3,92 2,20 4,20 21,78 | 198,94 0,11 351,00
113| 50 1,40 5,07 4,17 4,09 2,07 4,28 15,62 | 194,11 0,08 305,76
114] 50 1,90 5,13 4,15 4,59 2,64 4,78 52,57 | 201,08 0,26 563,16
115 50 1,20 5,40 4,31 4,35 2,28 3,39 16,61 178,98 0,09 224,64
116| 50 2,00 5,88 4,71 5,23 2,86 5,91 51,59 | 228,98 0,23 624,00
117] 50 1,27 5,91 5,06 4,31 2,38 4,31 20,74 | 209,47 0,10 251,61
118| 50 2,20 5,98 5,27 5,20 1,97 5,89 58,65 | 209,22 0,28 755,04
119| 50 1,50 6,55 4,87 4,44 2,90 5,01 27,98 | 231,62 0,12 351,00
120| 50 2,10 5,94 5,88 5,61 2,44 7,13 64,41 196,92 0,33 687,96
124| 60 0,89 1,23 1,11 0,48 0,34 0,45 4,24 17,35 0,24 123,57
125 60 1,10 1,75 1,62 1,01 0,67 0,98 3,93 50,15 0,08 188,76
126| 60 1,27 2,25 2,07 1,60 0,94 1,62 5,87 83,65 0,07 251,61
127| 60 1,00 2,37 2,19 1,10 0,74 0,99 5,84 51,42 0,11 156,00
128| 60 1,41 3,00 2,57 2,36 1,11 2,41 7,54 | 114,66 0,07 310,14
130| 60 0,89 2,94 2,80 0,89 0,72 0,88 4,41 43,13 0,10 123,57
131| 60 1,10 2,87 2,65 1,60 1,06 1,56 5,21 82,22 0,06 188,76
132] 60 0,98 3,57 3,24 1,48 1,05 1,38 5,31 74,18 0,07 149,82
133| 60 1,20 3,45 3,12 2,21 1,30 2,25 7,87 | 116,47 0,07 224,64
134| 60 1,67 3,97 3,44 3,79 1,04 4,06 12,59 | 166,73 0,08 435,07
135 60 1,06 4,04 3,65 2,04 1,29 1,98 6,89 | 106,08 0,06 175,28
136| 60 1,40 4,80 4,12 3,79 1,64 3,82 8,54 | 180,81 0,05 305,76
137| 60 1,50 4,64 4,09 4,00 1,54 4,05 10,24 | 188,42 0,05 351,00
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138| 60 1,90 4,89 4,43 4,13 1,61 4,63 2,53 | 200,83 0,01 563,16
139| 60 1,20 5,15 4,50 3,35 1,64 3,23 12,01 172,31 0,07 224,64
140| 60 2,00 5,50 4,95 4,54 1,74 6,03 32,89 32,89 1,00 624,00
141] 60 1,27 5,59 5,00 4,07 1,82 4,03 18,24 | 205,66 0,09 251,61
142 60 1,50 5,78 5,10 4,38 1,55 5,02 18,78 | 229,99 0,08 351,00
143| 60 2,20 5,94 5,08 4,16 1,67 6,09 35,76 | 199,05 0,18 755,04
1441 60 2,10 6,14 5,71 4,68 1,80 6,80 33,31 227,06 0,15 687,96
145] 60 2,19 4,68 4,05 3,31 1,38 5,07 29,10 | 158,21 0,18 748,19
Visser's L [cm] | s=h/L qT?h P, derived from v, [Pa] | P, derived from v, [Pa] | P; derived from v; [Pa] APa' APDb'
124,50 0,90 723,19 45,80 4,56 4,31 41,24 0,26
171,87 1,21 572,90 250,17 35,84 23,58 214,33 12,26
171,89 1,20 575,28 251,00 36,07 23,96 214,93 12,12
121,85 1,39 469,81 103,89 8,36 7,26 95,53 1,10
211,65 1,08 689,70 650,27 85,20 98,59 565,07 13,39
147,30 1,33 500,44 258,81 37,35 7,73 221,47 29,62
243,44 1,37 585,95 1.377,31 133,50 223,39 1.243,80 89,89
119,47 2,23 292,87 226,25 22,44 15,66 203,81 6,77
171,82 1,94 356,83 686,16 74,37 51,13 611,79 23,25
142,48 2,38 277,74 515,84 52,72 34,89 463,12 17,83
195,50 1,40 517,62 1.147,72 156,16 71,26 991,56 84,90
300,53 1,38 661,32 2.117,18 307,04 506,55 1.810,15 199,52
162,23 2,57 265,12 1.011,64 131,65 24,49 879,99 107,16
178,70 2,90 240,98 2.006,36 189,54 61,65 1.816,82 127,90
349,64 1,81 560,14 4.137,20 308,29 911,71 3.828,91 603,42
195,38 2,16 334,27 2.731,03 227,41 165,71 2.503,62 61,70
370,79 1,71 618,71 3.693,18 559,24 1.172,61 3.133,94 613,37
211,58 2,66 281,38 4.872,28 151,53 315,91 4.720,75 164,39
183,64 1,24 568,77 535,25 62,33 31,07 472,93 31,26
195,38 1,43 505,53 1.270,70 153,14 77,50 1.117,56 75,65
263,27 1,56 539,12 2.870,43 128,50 431,70 2.741,93 303,20
241,05 2,08 382,94 3.231,31 131,77 437,03 3.099,54 305,26
412,71 1,10 1.048,09 3.527,66 403,39 1.425,11 3.124,27 1021,72
263,27 2,02 414,99 6.574,33 365,58 594,52 6.208,76 228,94
391,80 1,40 789,51 3.749,10 501,11 1.693,13 3.247,99 1192,02
218,45 3,04 249,31 6.283,19 204,24 356,08 6.078,94 151,84
117,35 0,95 696,14 21,31 8,73 18,39 12,58 9,67
179,09 0,92 717,44 111,75 30,43 67,31 81,32 36,88
225,38 0,99 706,62 216,33 93,18 243,56 123,15 150,37
150,49 1,58 411,60 128,24 48,82 97,47 79,42 48,65
261,93 1,19 624,66 503,88 128,70 457,24 375,18 328,54
117,35 2,47 267,82 97,48 47,27 78,76 50,21 31,49
206,61 1,75 389,78 427,16 152,54 359,74 274,63 207,20
144,61 2,41 270,70 218,15 96,37 159,73 121,78 63,36
327,35 1,26 660,98 886,94 200,79 887,65 686,15 686,86
167,79 2,50 262,99 421,71 147,07 293,14 274,63 146,07
284,89 1,86 416,49 852,36 268,46 978,17 583,90 709,72
259,36 1,95 379,50 928,46 236,91 1.013,40 691,55 776,48
383,44 1,34 690,93 1.166,81 385,33 1.264,61 781,48 879,27
206,61 2,61 261,62 1.047,41 287,03 637,02 760,38 349,99
407,45 1,44 667,10 1.513,64 452,41 1.933,38 1.061,23 1480,96
225,38 2,62 267,82 1.026,66 314,30 1.029,76 712,35 715,46
454,97 1,31 794,17 1.498,56 215,17 1.919,27 1.283,39 1704,10
284,89 2,30 336,97 1.089,68 465,55 1.387,88 624,14 922,33
431,29 1,38 727,95 1.744,65 329,04 2.817,65 1.415,61 2488,61
111,08 1,11 629,44 12,67 6,24 11,07 6,43 4,83
182,04 0,96 677,86 56,94 24,75 53,21 32,18 28,45
234,64 0,96 702,79 142,52 49,18 144,90 93,35 95,72
149,30 1,59 413,92 66,45 30,07 54,65 36,37 24,58
275,90 1,09 650,93 308,68 68,34 321,12 240,34 252,78
111,08 2,65 264,16 43,60 28,59 42,41 15,01 13,82
182,04 1,58 413,16 141,90 62,56 135,00 79,34 72,44
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142,54 2,50 263,92 122,03 61,49 105,52 60,54 44,02

213,37 1,62 409,60 270,92 93,00 281,06 177,93 188,07
349,28 1,14 689,39 793,87 60,17 912,88 733,70 852,71

169,14 2,39 273,15 231,31 92,34 217,07 138,97 124,74
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