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Abstract

ABSTRACT

Portugal is one of many countries in the world tkaffers from coastal erosion.
Conventional ways of protecting a coastline appeagntail some disadvantages. An
innovative and interesting way of protecting a locaastal zone by means of multi-
functional artificial reefs avoids some of them.nulti-functional artificial reef is a
submerged breakwater which, besides the helpingrdtect the local coastline, can
offer other purposes; in particular, it may enhatioe surfing possibilities and the
environmental value of the local area. The strctuas several positive side-effects:
first, it provides an unimpaired visual amenitycsed, it offers tourist and economic
benefits by improving the surfing conditions; thiitd can enhance the environmental
value of the area where it is built, and fourththwa proper design the down drift
erosion can be minimal.

An optimal reef design for the Leirosa beach, leddb the south of Figueira da Foz,
midway along the Portuguese West Atlantic coasipvsstigated. In order to achieve
this optimal design several steps were conductegkefAminary design, as a result of a
theoretical study, achieved step by step, is pregpdsr a multi-functional artificial reef
making use of the theory and of the state of theTére proposed reef geometry is used
as initial design in the numerical and physicalseshich were executed to analyze the
capacity of a multi-functional reef breakwater totect the local coastline of Leirosa,
Portugal, and to increase the local surfing polsds. Further, a physical and a
numerical 2DV study have been executed to getsigthe influence of the length of
the reef and in the submergence on the Iribarrenbeu, which is an indication for the
breaker type. In this study, also the optimum heigin the reef has been defined.
Subsequently, in order to be able to investigatettiiee design parameters: the reef
angle, the geometry of the reef (with or withoutpktform) and the horizontal
dimensions in 2DH for the optimal geometry, the 8onesqg-type COULWAVE model
was validated; finally, a 2DH numerical study ha&ei conducted with COULWAVE
to define the best values for these parameters.

In terms of surfability, and for the conditions thie local coastline of Leirosa, the
following values for the main parameters were fauandeef angle of 66°, a structure
height of 3.20 m, a reef geometry composed by #&adeithout platform, a reef
submergence of 1.50 m and a structure seaward sfdp&0.

The calibration of the numerical model COULWAVE hd®wn that it can be used
very well to simulate the hydrodynamics around aRARR. However, improvements
are recommended on the actual version of COULWAWMese improvements include
mainly the introduction of bottom porous structurBsen though the mean velocity
fields give an indication about the sediment tramsghey are not sufficient to get a
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deep insight about the influence of an MFAR on ti@phology around the structure.
For a proper design of the reef, particularly foe protection of a local coastline, a
morphological study has to be executed.
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Resumo

RESUMO

Portugal € um dos muitos paises no mundo que sesfrefeitos adversos da erosao
costeira. E sabido que as formas convencionais rdeeqgdo costeira apresentam
algumas desvantagens. Uma forma particularmenteresdante de proteger ou
contribuir para a proteccéo local de um troco daazcosteira, minimizando algumas
das desvantagens das estruturas tradicionais, a®@ésatrda construcdo de recifes
artificiais multi-funcionais. Um recife artificiamulti-funcional € um quebra-mar
submerso construido com objectivos de ajudar ageotlocalmente a zona costeira e
oferecer outras valéncias, nomeadamente, aumestgossibilidades locais para a
pratica desurfe contribuir para a valorizagdo ambiental da regia

Um recife artificial com estas caracteristicas s@néa diversos aspectos positivos. Com
efeito, esta estrutura: (1) ndo tem qualquer ingpactual negativo; (2) oferece os
beneficios econdmicos resultantes da atraccaditarisao melhorar as condicoes locais
para praticas dsurf e/ou outros desportos nauticos (mergulho e pe¢8ppermite
aumentar o valor ambiental da regiéo, e (4) conpuojecto adequado permite reduzir
ao minimo os efeitos adversos da eroséo local@omar mesmo a praia por efeito de
tdbmbola

Neste trabalho sdo investigados os parametrostedsiicos de um recife artificial
multi-funcional, tendo como caso de estudo um trdeozona costeira da Leirosa,
situado a cerca de 15 km a sul da Figueira dafFFarzugal. Para obter as caracteristicas
Optimas da estrutura a construir foram realizado#s estudos ao longo de diversas
etapas. Como resultado do estado da arte e de twsoegdrico, realizado passo a
passo, € proposta uma geometria preliminar deerexatificial multi-funcional. Esta
geometria preliminar do recife € em seguida utilizaomo projecto inicial de diversos
testes em modelo numérico e em modelo fisico pasdisar a sua capacidade na
proteccdo da praia e do corddo dunar da Leirosane,simultdneo, analisar as
possibilidades locais para a praticasde.

Além dos testes realizados em modelo fisico, faectelado um estudo numérico
utilizando o modelo 2DV COBRAS-UC para obter infagies sobre a influéncia do
comprimento do recife e da submersdo do mesmo menmailribarren, sendo este um
parametro que fornece uma boa indicacdo do tipelsentacdo a esperar. Neste estudo
foi igualmente investigada a altura ideal para @fee Posteriormente, procedeu-se a
validacdo de um modelo numérico 2DH do tipo Bowessin o modelo COULWAVE,
tendo como objectivo analisar a influéncia de p@simetros de projecto com particular
desenvolvimento no plano horizontal: o angulo dafeea geometria do recife (com ou
sem plataforma) e as suas dimensdes horizontais. @ validado, foi este modelo
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numerico utilizado para analisar a influéncia déeg@arametros e identificar os seus
valores mais adequados para a definicdo de umaegearoptimizada do recife.

Em termos de caracteristicas para a praticsudee para as condicdes locais do litoral
da Leirosa, foram identificados os seguintes valp@ga os principais parametros: uma
estrutura de recife com angulo de 66°, altura 8@ B e uma geometria composta por
um delta sem plataforma, uma submerséao do recife5fem e um declive de barlamar
da estrutura de 1:10.

A calibracdo do modelo numérico COULWAVE mostrowe ggste pode ser usado com
sucesso para simular a hidrodinamica em torno deegife artificial multi-funcional.
No entanto, recomendam-se melhorias na actual velsgie modelo. Tais melhorias
incluem principalmente a possibilidade de modelagg@n fundos porosos. Embora os
campos da velocidade média fornecam uma primett@ando sobre o transporte de
sedimentos, esta informacdo ndo € por si sO swof@i@ente profunda para obter
conclusdes definitivas quanto a influéncia de ursiautira com estas caracteristicas
sobre a morfologia local. Para uma concepc¢ao nuesumda da estrutura final do
recife, em particular para efeitos de proteccadet@s devera ser elaborado um estudo
morfodin&mico.
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Chapter 1 Introduction

1. INTRODUCTION

1.1 DEFINITION OF COASTAL ZONES

The nomenclature is not standardized, and variati®sas describe the same features

using different names. This ambiguity is especialident in the terminology used for
the subzones of the shore and littoral areas.drablisence of a widely accepted standard
nomenclature, coastal researchers would do weladcompany their reports and
publications with diagrams and definitions to emstirat readers will fully understand
their use of terms.

As shown in Figure 1.1 the coastal zone is diviohdd four main subzones: Coast,

Shore, Nearshore or Shoreface and Continent skdfEhore.

Beach
<~—Offshore —— Nearshore Shore Coast
|~—— Foreshore
Low-tide Breakers
breaker line Low-tide shoreline

Figure 1.1 - Landforms and terminology of coastales (Thurman and Trujillo, 1999).

Each of the following definitions applies (Army @asrof Engineers, 1992):

The coast is a strip of land of indefinite widtlatlextends from the coastline inland
as far as the first major change in topographytf<lirontal dunes, or a line of
permanent vegetation usually mark this inland bampdOn barrier coasts, the
distinctive back barrier lagoon/marsh/tidal creeknplex is considered part of the
coast. The area experiencing regular tidal exchaageserve as a practical landward
limit of the coast. The seaward boundary of thestaaie coastline, is the maximum
reach of storm waves.

The shore extends from the low-water line to themab landward line of storm
effects, i.e., the coastline. Where beaches oc¢barshore can be divided into two
zones: backshore (or berm), above the high-tideethe, which is covered with
water only during storms, and the foreshore (orchdace). The foreshore extends
from the low-water line to the limit of wave upruahhigh tide, so it is the portion
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exposed at low tide and submerged at high tide. bEokshore is nearly horizontal
while the foreshore slopes seaward. This distrecthange in slope, which marks
the junction of the foreshore and backshore, i®ddhe beach or berm crest.

The nearshore, also shoreface, is the seawardndigmne that extends from the
low-water line offshore to a gradual change toa#télr slope, denoting the beginning
is the continental shelf. The continental shelhsigon is the toe of the shoreface. Its
location can only be marked approximately, becafsthe gradual slope change.
The nearshore is never exposed to the atmosphetes laffected by waves that
touch bottom. It is the zone of most frequent amgbrous sediment transport,
especially the upper part.

The continental shelf is the shallow seafloor thaiders most continents. The shelf
floor extends from the toe of the shoreface to ghelf break where the steeply
inclined continental slope begins. It has been compractice to subdivide the shelf
into inner-, mid-, and outer zones, although thare no regularly occurring
geomorphic features on most shelves that sugdesssia for these subdivisions.

Beaches include both the shore and nearshore sekhz®hey are composed of the
material — sediment — primarily provided by thestoa of beach cliffs and/or by rivers
that drain lowland areas. Other sources of matgerike shell fragments and the
remains of microscopic organisms that live in tloagtal waters, are less common.
Beaches on volcanic islands are frequently compos$erk fragments of the basaltic
lava that make up islands, or of coarse debris fommal reefs that develop around
islands in low latitudes. Thus, around the worére are beaches composed of crushed
coral, beaches made of quartz sand, beaches madekofragments, beaches made of
black (or even green) volcanic material, beachesposed of shell fragments, and even
artificial beaches composed of scrap metal dumpdgeabeach (Thurman and Truijillo,
1999).

In general sediments consisting of sand and graselir on the upper and middle
shoreface, muds of fluvial origin occur on the $leid mixed sands and muds are
found in the lower shoreface zone (transition ztmshelf). Bed sediments generally
fine in seaward direction, supplied by offshoreadied bottom currents (rip currents
and storm-induced currents). Sometimes relativelgrge-grained relict sediments are
found on the shoreface.

1.2 COASTAL USESAND VULNERABILITIES

The coastlines of many countries have not only ts&ped by natural forces but,
over the last few centuries especially, they hals® deen strongly influenced by
people.
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Early communities adopted a subsistence way ofwtiech, compared with today’s
lifestyles, had a low impact on the natural heetafjthe coast; these communities lived
in relative harmony with their environment.

This is easily explained because in past centtinedittoral was always an area with
little attraction, to be avoided at all costs. Apom fishing communities and ports,
there was little to attract people to the coastiteqthe contrary, in fact. Climatically it
is an area of contrast, hot during the day and atldhight, windy, and without
protection against the sun. In terms of resourhesetwas little to exploit except for
fisheries and harbours. On the other hand it wdarmgerous area. People living there
(mostly fishermen) were rude; pirate raids weregdient, killing and looting the local
populace. Consequently, the littoral was for a ltnge a very sparsely populated area
(Diaset al, 2002).

The awakening interest in the sea and the beagpeEsaes all over Europe from the
end of the 19th century. This was when the firdhing beaches started to spring up
everywhere, particularly in France and Britain.

From the end of the 19th century to the first lndlthe 20th century the occupation
of the littoral can be said to have been of a {ewsic character, as the objective of
bathers when they left their houses carrying thags and baggage to the beach resorts
was to “go to the baths”. This consisted of expggineself to the waves at the beach.
The practice was prescribed medically, being inddaas a treatment for several
physical illnesses or states of mind, and applkeddults and children. Baths in the sea
were taken “as remedy, not for pleasure” (Colacd Ancher, 1943, in Dia®t al,
2002).

The 20th century saw changes in the way of lookinthe littoral. It became a place
for pleasure, where the beach played an importdetin leisure, and became a popular
holiday destination.

It is a matter of fact that major social and ecomorhanges over the last few
hundred years in many countries, including Portulgale resulted in dramatic changes
to the character and natural heritage of the doastMore intensive farming, coastal
development and better access to the coast havaffaltted the natural coastal
processes and led to a loss of habitat and wildtabdand. The bigger cities have
grown and spread along the coastline and numeausst have developed, mostly as
fishing ports, on mainland and island coasts alike.
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Some indicators are easily stated (Ten Voatog, 2009):

20% and 40% of people live within 30 km and 100ddithe coast, respectively;

coastal populations are growing more rapidly thésba@ populations, mainly in

urban settings;

global mean sea levels rose 10 to 20 cm in the @tury;

in the 21st century, human-induced climate changjecantribute to a global rise of

20 to 100 cm, with a mid estimate of 50 cm;

other climate factors relevant to the coast wioachange, although details are

unclear.

All around the world, mega-cities (cities with mattean 10 million people) are
increasing in number as the global human populatminues to become more urban.
By the end of 2030, three-fifths of the world pagidn will be living in urban areas.
Much of this urban growth occurs outside definety tioundaries and the resulting
expansion of urban or “built-up” areas can be ¢jeseen from orbiting satellites. As a
consequence, the degradation of coastal ecosysterns be expected, as well as
increased pollution of coastal waters.

Global warming will lead to dramatic coastal changethe near future. In fact, the
greenhouse effect and resulting warming of theh&atemperature may accelerate the
mean sea level. A rise in the mean sea level waealgse erosion, flooding, and
saltwater intrusion in bays and estuaries.

An extensive study of coastal problems has beeduwziad under the EUROSION
project (Eurosion, 2004). This project entailed éfse studies, considered to be
representative of European coastal diversity. Tagecstudies reveal many erosion
problems along the European Atlantic coast. Thearmkit Ocean borders Western
Europe around the following EU countries: the Uthikgngdom, Ireland, France, Spain
and Portugal. Generally speaking, the coastlinaratdhe Atlantic Ocean is made up of
hard and soft cliffs interspersed with sandy anidglh beaches and dunes (Eurosion,
2004). The high relief, hard cliffs and rocky cdasts are mostly found in northern
Spain, northern Portugal and parts of northern ¢gamhe softer coasts may be found
in western Ireland (e.g. Donegal and Rosslare) thed southern United Kingdom
(Sussex), where soft cliffs with shingle and saeddhes and smaller dunes alternate
with small bays and estuaries. Larger, extensiveedware found on the southwest coast
of France (Aquitaine).

Erosion of the Atlantic coastline, as has occuireftstela, on the coast of Portugal
(Figure 1.2), is a consequence of natural and hunguced factors (Gomes and Pinto,
2006). The high-energy, storm generated waves fiteenNorthern Atlantic and the
macro-tidal regime (medium range 2-4 m, maximumtad5 m in the Bay of Mont
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Saint-Michel, France), are the dominant erosivedsron the continental European
Atlantic coastline. Together they create extremeddmns with strong alongshore tides
and/or wave driven currents and cross-shore waverdcurrents that can easily erode
beaches and undermine cliffs. Climate change ie&rp to induce accelerated sea
level rise (at present 2-4 mm/yr) at some pointhie future, as well as a potential

increase in storminess. Both will worsen erosioongl the Atlantic coast. Human

interference, such as the construction of seavaallgroynes, damming of rivers and

sand mining, has intensified erosion locally.

Dunar system erosion \

—— Dune limit
O Critical zone of erosion (CZ)

Figure 1.2- Estela golf course, critical erosion zones (Goares Pinto, 2006).

In both northern and southern Europe erosion tansatrbanization (the safety of
human lives and investments), tourism and natwehErmore, in Spain, Portugal and
France fishing and aquaculture are of great impogan the coastal zone. In the United
Kingdom and lIreland, a lot of agricultural land fsund in the coastal zone. The
explosive growth of the population in the littorabne, partly due to tourism, has
increased the pressure on the coast, especialfyance, Spain and Portugal and the
south coast of England. It appears that most oEtlrepean Atlantic coastal areas are at
high risk due to the low-lying coastal plains tlze at risk of flooding (Eurosion,
2004).
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The ‘hold the line’ policy option is often appliashen seaside resorts or other
recreational facilities are at risk. This is espégitrue in France, Spain and Portugal
but it is often relevant in the south of Englandl éreland, too, where tourism plays a
leading role in the protected sites. Furthermoigh) Ipopulation densities and economic
investments are protected by applying the ‘hold line’ policy, as in the United
Kingdom, Ireland and Portugal (Eurosion, 2004).

‘Managed realignment’ is possible at some of thesgke resorts and recreational
facilities if the amount of capital at risk is rileely small and the recreational facilities
or houses can be moved inland without too manylprob. In a flooding area, a new
defense line is usually defined (under the prirecipf ‘Managed realignment’). ‘Do
nothing’ is usually applied to cliff coasts whehete are no flooding risks and therefore
the amount of capital at risk is relatively low.

At many sites along the Atlantic coast, a mixtufehard and soft engineering
solutions is adopted to deal with erosion. Varidyses of hard solutions had been
applied in the cases considered. Although appliednearly all cases, beach
nourishments are executed on a much smaller sicaterts of n) than in the North
Sea and the Baltic regions. Whereas in the North r§gions soft measures are often
implemented to combat erosion, along the Atlantiasts the soft solutions are often
combined with hard measures. The high energy dongditof the coast and the steep
foreshore mean that nourished sediment is quicklysported in an offshore direction,
and it might not return by means of the equilibriomavement during the year.

1.3 GENERAL PROTECTION MEASURES

Experience has shown that as yet there is no mirsglution to counteract the
adverse effects of coastal erosion (Eurosion, 20049 best results have been achieved
by combining different types of coastal defenséuiding hard and soft solutions, taking
advantage of their respective benefits while mitigatheir respective drawbacks. Since
it can be seen that coastal erosion results frarorabination of various natural and
human-induced factors it is not surprising thatacle solutions to counteract the
adverse effects don't exist. Nevertheless, the gipeinciple of “working with nature”
was proposed as a starting point in the searcla foost-effective measure. However,
this observation also undeniably takes on boarddéa that soft engineering solutions
are preferable to hard ones. This is backed bynabeu of considerations derived from
experience (Eurosion, 2004):

Even tried and tested soft solutions - such asheaurishment, which aroused

tremendous enthusiasm in the 1990’s - have suffe@gedus setbacks. Such setbacks

have been caused by inappropriate nourishment scldEsign induced by poor
understanding of sediment processes (technicabdeétbdifficult access to sand
reserves which leads to higher costs (financiabas®d), or unexpected adverse
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effects on the natural system - principally the thenfauna - (environmental

setback). These are well covered by, respectivitlg, case of Vale do Lobo

(Portugal) where 700 000 cubic metres and 3.2 andlieuros of investment have
been washed away by longshore drift within a fewekgeonly, the case of Ebro

where the amount of sediment needed to rechargddheh sediments had been
imported from another region, and the case of Si{@pain) where the dredging of
sand to be supplied has caused irreversible dan@ageea grass communities
(Posidonia).

Soft solutions, due to their particularity of wangi with nature, are found to be
effective only in a medium to long-term perspective. when coastal erosion does
not constitute a risk in the short-term (5 to 1@rgg. Their impacts do indeed slow
down coastline retreat, but they don’t stop it. Ttveg term positive effect of soft

solutions may be optimized by hard structures whadke it possible to tackle an
erosion problem efficiently but have a limited tifee (in general no more than 10
years). This has been particularly well-documeritecexample in the case of Petite
Camargue (France), where the presence of hardistesc- condemned anyway —
also turned out to provide sufficient visibility rfesoft defense such as dune
restoration wind-screens to operate.

Several technical measures can be taken to comimoe:

Hard measures

Hard measures are structures like seawalls, revetsi@pe protections, groynes and

detached breakwaters. The case studies show ttthbte@asures can work really well

if the consequences are accepted. If erosion tigiesl for and accepted elsewhere,

the overall performance can be good. On severakplaf the Atlantic coast, strong

structures need to be built to resist extreme et bring very large waves.

Soft measures

Soft measures are those like beach and dune nmergh submerged nourishment,

vegetation techniques and cliff stabilization. Sofeasures can be a short term

solution. Erosion can continue at the same ratesaond the action (measure) needs

to be repeated. This is especially true in the rttawhere wave heights and tidal

amplitudes can be quite large.

Combined measures

At many sites along the Atlantic coast, a comboraf hard and soft engineering
solutions is often adopted for dealing with thesawo issues, probably due to the high
energy conditions of the coast.
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Innovative measures

These include measures like beach drainage systdrasEcoplage’ system (applied
in Sables-d’Olonne, France) consists of a gravitgirdthat lowers the water table
beneath the beach. As a result, the beach is hotgad with water when waves break
on the shore and the infiltration of the water itlte sand is improved. The purpose of
the system is to reduce swash velocities, seditnansport, and therefore erosion. The
water flows by gravity from the drain to a pumpsygstem. The water is then pumped
into the sea or is used as (filtered) water in swing pools or aquariums. The beach
drainage system seems successful. It does not bieclittoral drift like a groyne does.
The treated beach is stabilized and the untreagadhbis continuing to be eroded.
Figure 1.3 shows a draft scheme of the systemliedta

_ Breaking zone

Figure 1.3 — Scheme of the ‘Ecoplage’ system ifeiah Sables-d’Olonne, France.

A completely different type of measure was triedcehtMiédano (beach with dunes)
on the Canary Islands (Eurosion, 2004). In 199%®eriment started which aimed at
recovering eroded sediments. In this case, it veaesddd to place small obstacles in a
completely bare exposed area. This involved séagteamounts of about 2 frof
volcanic gravel around the eastern slope of Bocmeagountain. The experiment is
based on the volcanic gravel's capacity to retands on which plants germinate,
beginning the process of soil regeneration and doneaation. The experiment was
effective: the retention and accumulation of samctaased, above all on the smaller
obstacles.

Another solution was implemented to protect a sdunte system in Leirosa, south of
Figueira da Foz, in the centre of the Portuguesst\Wgantic coast.

In mid ‘90’s the construction of an underwater @it emissary was responsible for
the disruption of this sand dune system. The uskaad machinery in a fragile area,
aggravated by the erosion caused by the breakwéit@it 1 km north Leirosa, also
contributed to the destruction of this system.

10
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The restoration of the Leirosa sand dunes started?d00. The dunes were
reconstructed mechanically according to the AIDStifially Inseminated Dune
Systems) method (Reis and Freitas, 2002). Thisegoallowed the damaged dune
system to be rebuilt the desired height and slopeshort time. The second part of the
rehabilitation process consisted of increasing dtability that had been achieved by
revegetation withAmmophila arenaria This beach grass is widely used all over the
European coast in the rehabilitation of degradestesys due to its unique capacity for
sand stabilization and dune formation.

In February 2001, during a storm that affected whwle of the central region of
Portugal, especially on the coast, the ocean fodnthe Leirosa dune system was
destroyed in just one night.

After this event it was decided to try another sohy based on the use of
geotextiles. This material can be as effective ag s0 called “hard engineering
protection”, with the advantage that it is adapatd the morphology of the dune
system and uses the local available sand (Bd¢ek, 2003).

In the Leirosa system geotextiles were applied tluae extension of 120 m along
the coast. A defense was created on the front imotib the dune, at the +2.0 level
(hydrographic zero) with sand containers about é4@ng, 3.20 m wide and 0.825 m
high, in a pyramid arrangement parallel to the gwes(Figure 1.4).

Figure 1.4 — Installation of the sand containei finst layers of geotextiles in the Leirosa sande
system (Antunes do Carmo, January 2006).

The protective barrier was constructed to a heigl&@ m by several layers of sand
enveloped in geotextiles, in a so called “wrap atbtechnique”, which encapsulates
the sand and can be installed quickly.

11
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This technique allows the absorption of the enafjupcoming wave attacks and
prevents erosion of the fill material through thedile forces which are activated by this
stress. Furthermore, pore water pressures witldretitapsulated sand fill are released
thanks to the good drainage capacity of the geiteext

The upper layer used a geotextile revetment throuigthe area, about 8.60 m long,
4.30 m wide and 1.10 m high, followed by a 1.0 gefeof sand where dune vegetation
was planted, turning this area into an attractive safe coastal dune system (Rsisl,
2005).

It is expected that the technique developed toeptothe Leirosa sand dunes will
become an important model to be used for other diyséems with similar erosion
problems.

1.4 NEw CONCEPTS OF COASTAL PROTECTION

Various coastal structures can be used to solvat @ast, to reduce coastal erosion
problems. Some of them can provide direct protectilke breakwaters, seawalls and
dikes, and others, such as detached breakwatersréfidial reefs, provide indirect
protection, reducing the hydraulic load on the ttashe level required to maintain the
dynamic equilibrium of the shoreline. To achievés thbjective, these structures are
designed to allow the transmission of a certain @amhaf wave energy over the
structure by overtopping (and also some transmsiicough the porous structure, in
some types of breakwaters), and/or wave breakingeaergy dissipation on a shallow
crest (submerged structures) (Pilarczyk, 2003).

Rock walls, breakwaters or groynes usually sereeptirpose of protecting land from
erosion and/or enabling safe navigation into hamdoand marinas, but other
commercial value and multi-purpose recreational amenity enhancement objectives
can also be incorporated into coastal protectiod eoastal development projects.
Offshore breakwaters/reefs can be permanently sigade permanently exposed or
inter-tidal. In each case, the depth of the stmggtiis size and its position relative to the
shoreline determine the coastal protection levelipgled by the structure. Submerged
breakwaters could be an interesting and efficiénattesyy, not only to protect a coastal
system, but also to improve the bathing conditiohsome coastal zones. Therefore,
these so-called multifunctional artificial reefs KMRs), are one of the new innovative
concepts for coastal protection. The actual undedshg of the functional design of
these structures may still be insufficient for optim design but it may be just good
enough for these structures to be considered emisalternatives for coastal protection
(Pilarczyk, 2003).

The two main purposes of an MFAR (coastal protectiad increasing the surfing
possibilities in a certain area) are explainedrgater detail below.

12
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The construction of an MFAR can play a part inafiéint kinds of coastal protection,
like:
Preventing coastal erosion;
Increasing, in combination or not with sand nouright, the stability of beaches.
These sorts of coastal protection are possibleuseca
An MFAR can reduce the wave loads on the coastutiirca series of wave
transformation processes occurring on the structiee, reflection and energy
dissipation due to waves breaking on the strucama to flow circulation inside
the porous media;
An MFAR can create current circulation cells behthd reef which can cause
sedimentation at the shoreline;
An MFAR can be used to regulate wave action byaaion and diffraction.

With one kind of design, waves can break over arARIEn such a way that surfers
can enjoy great sport riding them. Surfing and thadyding are growing in popularity,
and are practised especially by young people. @yrfieans taking a wave board into
the sea and waiting for a breaking wave to ‘ride’(Bigure 1.5).

Figure 1.5 - Waiting for and surfing a wave (sousge/w.surfline.come).

Multi-functional reefs are in fact a hard measuwethckling coastal problems, and
they have several advantages over soft measures.nidst suitable construction
material for multi-functional artificial reefs isegtextile, used as a sand container. Sand-
filled geotextile containers are becoming increglsirrecognized as a tool for coastal
defense. Geotextiles are a family of synthetic mmte including polyethylene,
polyester and polypropylene. In their common fohmyt are flexible, permeable and
durable sheet fabrics, resistant to tension and Téeey can be sewn or ultra-sonically
welded to produce containers designed to retaid samortar for use as a construction
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material. Geotextile containers can be filled atat@d using many different methods
depending on the site location, fill material, @nér size, available plant, and type of
geotextile fabric chosen. The advantages are devera

Environmental impact

Construction with geotextile containers allows tise of local materials that would
otherwise be unsuitable for coastal constructionmany cases permission can be
obtained to fill the containers with sandy materitdken from the seabed in the
region of the project site itself. This means ttieg amount of ‘foreign’ materials
introduced to an area is minimized. Unless expdsetligh temperatures or pH
levels, geotextile materials have been shown tméx in the marine environment.

Durability

Modern geotextiles are designed to withstand enumental degradation from
abrasion, UV, chemical and biological influenceas] as such a life span of the order
of 25 years can be expected, notwithstanding vardabr mechanical damage.
Under accelerated testing, life spans of up to J€¥rs even in challenging marine
conditions have been postulated. During the coottmu of the Narrowneck reef
very effective underwater patching techniques vaeneeloped to repair damage that
had arisen during the construction (Restalal, 2002). The holes are sealed with a
silicone based adhesive and a patch is screwed deamthe hole, using nylon wall
screws, to provide added protection. Various cgatimere trialed for the crest bags,
with mixed success. But towards the end of the tcocison a durable composite
(hybrid) material was developed and tested witlagseiccess. Initial trials utilized a
spray-on polyurethane coating of varying thickndssyever this product became
rigid once exposed to water and actually made tloelycts more susceptible to
impact and wave damage. The composite materiakistomy of two layers of non-
woven geotextile, used towards the end of the ptajtlows approximately 4 kg/m
of sand and shell particles to be retained withi@nce the geotextile is impregnated
with these particles its puncture resistance shsigsificant improvement, while
marine growth can protect it from UV degradation.

Structure is removable

In the unlikely event that the structure has a joesly unforeseen negative impact
on the surrounding area, geotextile systems allmvréef to be quickly and easily
removed. By filling the containers with locally elbted sand, the environmental
impact of removal would be insignificant as the en@ released from the reef
would be the same as or very similar to the natugatch sand.
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Provision of marine habitat

Marine ecosystem enhancement is a fourth advardhfee use of geotextile sand

containers. These containers have appeared toderam excellent substrate for

marine flora and the development of a diverse esxtegy (Borrero and Nelson, 2003,

Jacksoret al, 2004). Figure 1.6 shows, as an example, shgaeand sea grasses on
shallower containers in the Narrowneck reef off @wd Coast of Australia.

Figure 1.6 - Short algae and sea grasses on slealtmmtainers of the Narrowneck reef
(Jacksoret al, 2004).

When the ecosystem on this reef was well developetear zoning between areas of
sea grass and kelp could be observed. Visuallymiheroalgal communities dominated
the reef, covering over 70% of the reef surfacevds also populated by a variety of
other benthos, including coralline algae, sub-nvassiponges, ascidians, octocorals
(soft corals), hydroids and crinoids (feather sthj)f echinoids (sea urchin) and
abalone. Observations by the National Marine S@e@entre indicated that “the
biological communities associated with Narrowneatifisial Reef appear to enhance
biodiversity and productivity at a local scale andy also contribute to overall regional
productivity” (Edwards, 2003).

Soft reef surface

The use of sand-filled fabric containers maximigatety on the reef by providing a
relatively soft structure without sharp edges, oeay the risk of injury should a
surfer come into contact with the reef.

Cost

As with any construction method, the cost of a @@eiect is site dependant, as it
relies on the availability of plant, materials, dalp and suitable construction
conditions. However in many situations, especiallth large projects, it has been

found that geotextile solutions can have the cdsthe equivalent rock structure
(ASRLtd, 2008).
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However, there are also some limitations:
Experience of contractors

Coastal engineering contractors around the wordhéghly experienced in the use
of rock and concrete for coastal construction. Egmee in the use of sand-filled
geotextile systems is less common, although thentesignificant growth in the use
of geotextiles for coastal projects worldwide ipiddy improving the skill base.

Susceptibility to mechanical damage and vandalism

Testing has shown modern geotextiles to have goodctpre and abrasion
resistance; but the resistance of the fabric tohaeical damage and vandalism is
clearly lower than that of rock or concrete. As timmed before, very effective
underwater patching techniques were developed pairedamage during the
construction of the Narrowneck reef. Notwithstamgdthis fact, extra care must be
taken while handling the units during constructiand in some locations it may be
necessary to introduce measures to safeguard agamdalism.

Lack of design guidance

At present there are relatively few guidelines ke for the design of coastal
structures using geotextiles. Despite the lackfb€ial design guidance, there has
been considerable research in the area of ge@®xiihd the conclusions of this
research along with experience of a wide ranga®fipus projects can be drawn on
to allow successful design.

Several reasons may account for the growing intereBFARs over conventional
ways of protecting a local coastline:

These structures have, by definition, a minimaluaisintrusion that especially

enhances their value in zones with strong aesthetistraints;

The structure becomes known better as a way oftingosurfing possibilities as well

as a way to protect the coast;

The water renewal induced by the high level of $maission is desirable to avoid

stagnation and ensure satisfactory quality for e&wonal waters, especially in

tideless seas, and water oxygenation for animadspdents living in the protected

area leeward of the breakwater;

The structure is interesting in economic termssti-geotextile sand containers tend

to be cheaper per unit volume than rubble-moungetgires, and second, the surfing

aspect can attract the tourism, which is goodHerlbcal economy;

The expansion of the environmental value is a dgoeatfit in these times, in which

nature is being destroyed more and more, by thevbehof humans.
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1.5 OBJECTIVESAND METHODOLOGY

The main objective of this thesis is to define gliltks for an MFAR. In order to
achieve this goal, the research focuses mainlgreetactivities, which are:
(1) identification and analysis of the influence kdy parameters involved in the
functionality of an MFAR,;
(2) calibration of a numerical model to be usethm study of the MFAR,;
(3) definition of the characteristics of the georpeif the MFAR most suitable for the
west-coast of Portugal based on physical and nealariodelling.
Throughout these activities, studies will be calrait having in view the following
objectives:
The definition of guidelines for multi-functionattdicial reefs on theoretical base;
The identification of relations between the brealgre, the submergence and the
height of an MFAR;
The calibration of the COULWAVE model (Lynett, 200&s a reliable tool for the
simulation of multi-functional artificial reefs;
The investigation, using numerical and physical atlbth, of the influence of
different design parameters of an artificial sugfmreef on the hydrodynamics around
an artificial surfing reef in order to find the opal design of an MFAR for the coast
of Leirosa in terms of coastal protection and sailits.

To achieve the objectives specified above, thewdhg methodology was adopted. At
first an analysis of functionality of a multi-funabal artificial reef including the state of
art is done. Secondly a theoretical study to aehfgeliminary design guidelines for an
MFAR is conducted. Thirdly physical experimentsdnwave flume and numerical
simulations with COBRAS-UC (Garciet al 2004) to investigate the relation between
the breaker type and the length and the submergegneesubmerged artificial reef are
carried out. In order to be able to use a numerneadel to investigate the functionality
of a multi-functional reef, a numerical calibratiohthe COULWAVE model (Lynett,
2002) is done by comparing results with 3D expentakedata of Poort (2007). Finally,
based on the results found in the methodology V@b so far, preliminary numerical
simulations with the validated model are executedi¢fine the optimal design of an
MFAR for the conditions of the coast in front ofitasa.

1.6 STRUCTURE OF THE THESIS

The studies conducted to investigate the functignaf multi-functional artificial
reefs are described in this thesis along seventetsggpistributed in accordance with
what follows.

After this first chapter, which includes the franmeWw of the thesis and presents the
main objectives and the methodology adopted inirthiestigation, chapter 2 describes
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the functionality of an MFAR in terms of coastabfaction and surfability, together
with the state of art. Chapter 3 treats design ejinds for an MFAR according to a
theoretical study. In chapter 4, the physical expents and numerical simulations with
COBRAS-UC to investigate the breaker type in relativith the submergence and the
length of a submerged reef and its results areritbestc Chapter 5 gives the description
of the mathematical and numerical COULWAVE modeld acontains also the

calibration of this model with data from experimarests in a wave basin done by M.
Poort (2007). In chapter 6, the investigation cated to obtain the optimal geometry
of the reef for the Leirosa coast with numericahdiations is presented. Results from
the theoretical study and from the physical and enical tests constitute the base for
the geometry to be investigated with the numemsoalulations. Chapter 7 contains the
main conclusions and recommendations.
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Chapter 2 Functionality of a Multi-Functional Artifal Reef

2.FUNCTIONALITY OFA MULTI -FUNCTIONAL ARTIFICIAL REEF

The viability of an MFAR is related to its functiality regarding the two main goals
of the structure: coastal protection and surfingatality. In terms of coastal protection,
it is very important to analyze both the hydrodym@amand morphodynamics.
Concerning surf characteristics, there are sepai@meters to be checked, as described
below.

This chapter presents a description of the funatipnof an MFAR, including the
state of art regarding multi-functional artificiaéefs, particularly in what concerns
coastal protection and surfability. The functiotyaland the contribution of multi-
functional artificial reefs already built and undenstruction are also described.

2.1 COASTAL PROTECTION

2.1.1 HYDRODYNAMICSIN COASTAL ZONES

Most waves generated in the sea area by storm wimalge across the ocean as
swell. Generally, they release their energy aldmg margins of the continents in the
surf zone, which is the zone of breaking waves.

According to the physical characteristics of thastal platform responsible for the
wave transformations as they travel cross-shor@digenerated waves have been
described by several different theoretical develepts. In deep waters the small
amplitude wave theory, which constitutes the finster of approximation of the Strokes
theory, performs well. In transitional waters, bs waves become larger, higher orders
of approximation to the Stokes theory can be camdsal. Other nonlinear theoretical
approaches should be used in shallow water conditibke the cnoidal wave theory
derived by Korteweg and De Vries (1895), and otheos very shallow water waves, a
solitary wave theory developed by Boussinesq (1,8%2)re (1953) and others should
be used.

Figure 2.1, adapted from Kamphuis (2000), showsaiglicability of the various
wave theories. The waves are transformed as thegltmto shallower water. Once in
shallow waters, a wave undergoes many physicalggsabefore it breaks. The shoaling
depths interfere with water particle movement & base of the wave, so the wave
velocity decreases. As one wave slows, the nextefeaw, which is still moving at
unrestricted velocity, comes closer to the wave ihdeing slowed, thus reducing the
wavelength. The energy in the wave, which remdnessame, must go somewhere, so
wave height increases. The crests become narrovpa@inted, and the troughs become
wide curves. This increase is called shoaling.
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Figure 2.1 - Applicability of various wave theoriggamphuis, 2000).
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The combination of increasing wave height and desingg wavelength causes an
increase in the steepness (H/L) of the waves. titiad, energy is dissipated due to
bottom friction.

If sections of a single wave crest are travellimglifferent water depths, the sections
in deeper water will travel further per unit timend therefore the wave will change
direction or refract. Therefore, wave refractionthe gradual reorientation of waves
propagating at an angle to the bottom slope ornaga current. Figure 2.2 shows a
refraction plane for the S. Lourenco fortificatich Tagus estuary (Portugal) -
corresponding to a wave 3.0 m high (offshore), as&@ period, and direction 225°
(Antunes do Carmo and Seabra-Santos, 2002). Aswaukén this figure, refraction
patterns are often interpreted by means of orthalgoor wave rays. The first are lines
drawn at right angles to the wave crests, andehersl are lines indicating the direction
of energy transmission.
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Figure 2.2 - Refraction plane for the S. Lourermuification — Tagus estuary (Portugal) - correqting
to a wave 3.0 m high (offshore), 12 s period, ainelation 225° (Antunes do Carmo and Seabra-Santos,
2002).

In selected situations, like that presented in g3 such as when waves pass a
small cape, island or even piers and jetties, atiffon occurs; this is a lateral transfer of
energy along wave crests.

Incident waves may be reflected from beaches,s¢lgtibmarine shoals, bars and
ridges, jetties, seawalls, etc. The reflected waway be of the same dimensions as the
incident waves, and if the wave travels in exatitly opposite direction then a standing
wave can develop. Standing waves are the productwof waves of the same
wavelength moving in opposite directions, resultingho net movement. In confined
basins standing waves are known as seiches.
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Figure 2.3 — Madeira island and wave crests aioPReinto island computed by REFDIF (Forésl,
2006).

2.1.2 MORPHODYNAMICSIN COASTAL ZONES

Morphological changes in beaches depend on therenabhi beach material,
hydrodynamic processes (waves, tides and curretits),original profile and local
boundary conditions. This last is related to thistexice of headlands and bays, which
control the energy acting on the beach and prodpeg¢ial variations in beach slope,
grain size and sediment transport rates (&egl, 2002).

Most shorefaces and shelves are underlain by velgtthick marine sedimentary
sequences. In general, sediments consisting of aatdjyravel occur on the upper and
middle shoreface, muds of fluvial origin occur twe shelf, and mixed sands, and muds
are found in the lower shoreface zone (transitionezto shelf) (Van Rijn, 2001). Bed
sediments are generally fining in a seaward dmectsupplied by offshore-directed
bottom currents (rip currents and storm-inducedecus).

The fluid in the shoreface zone may be homogengeel-mixed) or stratified with
a surface layer consisting of relatively low fluiggnsity (fresh warmer water) and a
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bottom layer of relatively high density (saline @ei water). Strong horizontal density-
related pressure gradients may occur in regiorsedio river mouths.

The upper shoreface (surf zone) is dominated byevelmiven processes. The surf
zone can be seen as a subsystem of the shorefaee TAwe shoreface zone influences
the surf zone by providing boundary conditions, the surf zone also affects the
shoreface zone by generating strong rip currerdshihing sediments to the shoreface.
Furthermore, the surf zone is a source of freeflequency energy propagating into the
shoreface zone. The middle and lower shorefaceafteeted by tide- and wind-driven
currents and by Coriolis effects (Van Rijn, 2001).

Sand can be transported by wind-, wave-, tide-dertsity-driven currents (current-
related transport), or by the oscillatory water imoitself (wave-related transport). The
waves generally act as a sediment stirring ageim¢reas the sediments are transported
by the mean current. Wave-related transport magalbieed by the deformation of short
waves under the influence of decreasing water d@palkie asymmetry). Low-frequency
waves interacting with short waves may also couatébto the sediment transport
process (wave-related transport).

Tide- and wind-generated currents with near-bedoités greater than 0.3 m/s are
able, even at great depths, to move the sedimentsirfg the bed surface. Although
often rather weak, cross-shore currents combingh the stirring action of the waves
are important for the long-term evolution of thesdiace morphology. Big storms are
able to move sediments along the bed surface ierveditdepths of up to 100 m. Thus,
the shoreface is an active morphodynamic zoneowadjin the bed evolution processes
may proceed rather slowly (Van Rijn, 2001).

While alongshore transport is the primary mechanismchanges in beach plan
shape, cross-shore transport is the means by whitbeach profile changes. The
response time of beaches to variation in crosseshansport can be as short as one
tidal cycle (during storms) or as long as six men$easonal variations). Predictions of
beach response are very important for coastal desgand managers (CIRIA, 1996).

The variation in the processes across the beadlitses characteristic beach
profiles. The form of the beach profile will theave a feedback role in modifying the
subsequent shoaling waves.

Dunes are created by the accumulation of wind-bl@and transported landward
from the backshore and the higher portion of theritidal foreshore. To successfully
trap and retain this sand, dunes rely on vegetaéspecially certain species of grass,
which both reduce the wind velocity close to theneldace allowing deposition, and
retain moisture, which increases the threshold ofion of sand grains. Figure 2.4
shows a healthy dune system on the central p&bdtigal’s west coast.
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Figure 2.4 — Healthy dune system on the west defptiduguese coast (Lopesal, 2003).

Dunes located on the backshore of a sandy beacimpmtant in the development
of the profile of that beach. They act as a resefomaterial which is available during
storms and, if necessary, enables the beach profikdjust to a flatter profile, and
absorb the incoming wave energy (CIRIA, 1996).

2.1.3 SHORELINE RESPONSE ON AN MFAR

Knowledge of the shoreline response on a reef @ortant for coastal protection
purposes. Not only is the published informationilakdée on shoreline response to
MFARs insufficient, but also relatively little isnkwn about shoreline response to
submerged structures in general. Ranasirgla (2006a) recently made a compilation
and review of reported field, laboratory and numarimodeling investigations and
concluded that the key environmental and structpeahmeters governing shoreline
response to submerged structures have not yet hdequately elucidated. The
published reports of field experiences with subradrgrototype structures mentioned
in Ranasinghest al. (2006a) are summarized in Table 2.1. In briefydts found that
70% of submerged structures constructed for beaateqiion to date have resulted in
net erosion of the shoreline in their lee. It wésoaconcluded that structure length,
structure crest level, crest width, nearshore sloferal drift rates and the presence or
absence of concurrent sand nourishment do not eppemvern the principal mode of
shoreline response.

In an innovative study, Black and Andrews (2001)amjified the shape and
dimensions of salients and tombolos formed in #e &f natural reefs by visually
inspecting aerial photographs of the coastlinesmith eastern Australia and New
Zealand. By analyzing natural shoreline adjustmalhphysical inputs that act to shape
salients and tombolos over long time scales aradtrotogether. Results suggested that
natural salients are larger than salients createdhé lee of breakwaters and in
laboratory studies.
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Table 2.1 - Features of the sites and the submerggstal structures reported in the publisheddlitee
- (Ranasinghet al, 2006a).

Location Reference Structure type  Shoreline Nourishment Longshore B(m) SU(M) W) i (m) fr. (m) S
response ransport rte
( m"‘.-"year_l
Delaware Bay, Douglass and  Single Erosion Y Negligible 300 75 Mot 1 At MLW Not
USA Weggel (1987) breakwater reported reported
+2 end groins
Keino-Matsubara Deguchi and  Single Erosion Y Not reported 80 85 20 4 2 m below 0.1
Beach, Japan  Sawaragi breakwater MLW nearshore
(1986) and 0.03
offshore
Niigata, Japan Funakoshi Single Erosion N Exists, 540 400 20 83 1.5 m below 0.02
et al. (1994) breakwater but not MWL
2 groins quantified
Lido di Ostia, Tomassicchio  Single Erosion Y 50,000 3000 100 15 4 1.5 m below 0.05
Italy (#1) (1996) breakwater MSL
Lido di Ostia. Tomassicchio  Single Accretion N 50,000 T00 50 15 3-4 0.5 m below 0.1
Italy (#2) (1996) breakwater MSL
Lido di Dante, Lamberti and  Single Accretion 'Y Negligible 770 150 12 3 0.5 m below 0.02
Ttaly Mancinelli breakwater MSL
(1996)
Marche, ltaly Lamberti and ~ Multiple Erpsion N Negligible Not 100-200 10-12 3 0.5 m below Not
Mancinelli segmented reported MSL reported
(1996) breakwaters
Palm Beach, Dean et al. Single Erpsion N 100,000 1260 70 4.6 3 0.7 m below 0.04
FL, USA (1997) brealowater MLLW
Vero Beach, Stauble et al Segmented Erosion N 30,000 915 85 4.6 21-27 025 m-035m 003
FL, USA (2000) breakwater below MLLW
Giold Coast, Jackson et al.  Multi-function Accretion Y 500,000 350 100-600 2 2-10 I m below 0.02
Australia (2002) surf reef MLW

( B = length of structureSu= distance from undisturbed shoreline to structite crest widthh = water
depth at structurdy, = water depth at crest of the structige,bed slope in the vicinity of the structure)

Analyses produced non-dimensional ratios, enabtimg prediction of limiting
parameters for salient and tombolo formations, rd@teation of salient apex position
with respect to the type of offshore obstacle (idk& or reefs), and the length of
shoreline affected (salient basal width). One af Huggestions emerging from the
analysis was that, if all other parameters (lengthreef/structure, B, distance from
shoreline to reef/structure, S, wave climate, etag equal, a larger salient would
develop in the lee of a submerged reef/structuaa th the lee of an emergent structure.
However, as mentioned by Ranasinggteal. (2006b), this conclusion is counter-
intuitive because wave sheltering will be greaterthe lee of emergent structures,
leading to more favorable conditions for salienbvgth in their lee. A subsequent
review of the methodology adopted by Black and Amdr (2001), indicated that the
approach used to assess the critical length scalesatural reefs from aerial
photographs incorporated several shortcomings ($tagiaeet al, 2006b). The most
obvious shortcoming of the predictive empiricalatEinship proposed by Black and
Andrews (2001) is the fact that erosion is not mted to occur for any combination of
B and S. This is highly questionable in view of tfaet that a clear majority of
submerged structures installed to date have resuit€unintended) shoreline erosion
(see Table 2.1).

In order to gain more insight into the environmémiad structural conditions under
which shoreline erosion and accretion occur inléeeof submerged structures, and to
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gain insight into the nearshore processes goverstiogeline erosion and accretion in
the lee of submerged structures, Ranasirgla (2006b) completed a second study on
this subject. The shoreline response to submergedtwres, such as MFARs, was
investigated. The processes governing this respasese found to be different from
those associated with emergent offshore breakwal@is was indicated by the results
of a series of 2DH numerical and 3D scaled physiuadleling tests. Unlike the case of
emergent offshore breakwaters, where shorelineetionr (salient development) is
expected under all structural/environmental condgi the principal mode of shoreline
response to submerged structures can vary betwesiveeand accretive, depending on
the offshore distance to the structure. In the chske left picture of Figure 2.5 erosion
was seen, and in the right one accretion.

(meter)

(meter)

ENRREROOD :

yary 150 200 250 300

— shoreline<—‘

Figure 2.5 - Distance apex structure-coast 10Qeft) @dnd distance apex structure coast 250 m Jright
(Ranasinghet al, 2006b).

The predominant wave incidence angle and struciest level also have important
implications for the magnitude of shoreline resggrsut not for the mode of shoreline
response (i.e. erosion vs. accretion). With thenggtoy and the wave conditions tested
by Ranasinghe and Turner (2006b) the most sigmifiteature in the structure-induced
nearshore circulation patterns under shore normaakvincidence is the ‘switch’ from a
symmetric 2-cell circulation system to a symmeticell circulation system, as the
structure is moved offshore (Figure 2.Based on the results obtained in their study, a
predictive empirical relationship was proposed agr@iminary engineering tool to
assess shoreline response to submerged struclinissrelationship isS/SZW> 1.5,
where$, is the distance between the apex of the struetoidethe undisturbed shoreline
andSZWis the natural surf zone width.

Broad-crested nearshore structures are a relatively field of research, and a
'standardized’ method to describe their geometsy/ i yet been established in the
literature. For more conventional shore-paralldgdhie-mound structures it is probably
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most usual to define the characteristic lengttSadis the distance from the shoreline to
the centre-line of the crest. For the broad-cresteactures Ranasinghet al. (2006b)
modeled, the distance to the apex of the cr8g9twas chosen as the characteristic
length (Figure 2.6).

beach

Offshore direction
4—

v

Figure 2.6- Characteristic length broad-crested breakwaters.

Much research has been done on currents and wasasirny on and around natural
reefs. However, the topography of natural reefsighly variable, some fringing reefs
(reefs which front a continental land mass or idJanay have quite flat seaward slopes,
for example 1:15, whereas platform reefs (reefsatkedt in open ocean) on the
outersections may have very steep seaward slagesxdmple 1:2 or steeper (Gourlay,
1993). No publications have been found that dedh wihe relation between the
topography of the reef and the influence on hydnadyics in general regarding the
coastal protection behavior of such natural reefs.

In 2005 the DELOS project finished. The overallemtive of this project was to
promote the effective and environmentally compatiddésign of low crested structures
(LCSs) to protect European shores against erosimh ta preserve the littoral
environment and the economic development of thestcdduch experimental and
numerical research has been undertaken in thiggirdn all the experimental studies
the LCS were small-crested and designed with divelg steep slope. This means that
the results are not useful for research into thastad protection aspect of MFARSs.
Furthermore, no tests were conducted to investigateent velocity in the lee of an
LCS in a basin. The focus of the basin tests wabilgy, hydrodynamics near the
structure and wave transmission.

In order to get an idea of the shoreline responmseam MFAR, and taking into
account all the research described above, the noearent field can be used
(Ranasinghe and Turner, 2006b). The numerical medelts (current analysis) and the
prototype field results (morphodynamic analysigorted by these researchers showed
that
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(a) under shore normal wave incidence, the mode ofetiherresponse to submerged
structures is governed by the structure-inducedshege circulation; and

(b) under oblique wave incidence, the mode of dhm@meaesponse is governed by the
interaction between the ambient longshore curramd ¢he structure-induced
nearshore circulation pattern.

This means that the currents (the ambient longslad the structure-induced
nearshore circulation pattern) can be used as @ination of the shoreline response.
Essentially, erosion occurs when the resultant eairrfield contains divergent
alongshore currents at the shoreline in the lethefstructure. Conversely, shoreline
accretion occurs when convergent alongshore curignet generated at the shoreline in
the lee of the structure.

The hydrodynamic processes that govern the developwf nearshore circulation
patterns around relatively simple delta-form MFA&®s explained in Ranasinghe and
Turner (2006b) and are partially presented in $kition. For reasons of simplicity, just
shore normal waves are considered (i.e. no amiwegshore current due to oblique
wave incidence at the shoreline). References t@ibore flow/transport’ in this section
refer only to structure-induced alongshore flows/fents.

In the two-dimensional case of a submerged stractsuch as the case of a
submerged reef, longshore flow driven by an aloogshpressure gradient occurs
behind the structure to satisfy continuity consiisi The total transport capacity of the
longshore flow is determined by the longshore presgradient and the cross-sectional
area of the longshore flow.

Figure 2.7 shows the cross-shore profile of surtdeeation, wave height, and initial
bed level at the two cross-sections presented gar€i2.5 (left) and here when the
structure is close to shore (apex at 100 m fronshuee).
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Figure 2.7 - Wave height and surface elevation@tifferent cross-sections for apex structure-coast
distance 100 m (left, Ranasingéeal, 2006).

One section is across the apex of the structureti(®eA) while the other is along
the plane bed away from the structure (SectionAB)ng Section A, the wave height
decreases through the surf zone and over the tdabeo$tructure producing a higher
surface elevation than at Section B. This alongslgoadient in surface elevation drives
longshore flows away from the structure in bothgiimore directions in the lee of the
structure. However, in this case, the small gagvéen the structure and the shoreline
and the resulting relatively shallow trough regibetween the structure and the
shoreline constrains the capacity for onshore ftower the structure. Therefore, the
longshore flow in the lee of the structure is ldygdue to the alongshore surface
elevation gradients resulting from alongshore gradi in the wave setup in the lee of
the structure. However, because of the complexepdape of the artificial surfing reef
structure investigated here, currents are also rgeetk along the two sides of the
structure due to waves breaking obliquely on tliessiof the structure. These ‘along-
structure’ currents also contribute to the onshiboev over the structure and the
alongshore flows in the lee of the structure. Tégulting nearshore circulation pattern
consists of two cells, symmetric about Section Ahwlivergent flow at the shoreline in
the lee of the structure.

Figure 2.8 shows the cross-shore profile of surtdeeation, wave height, and initial
bed level at the two cross-sections when the streds farther away from the shore
(apex at 250 m from the shore).
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Figure 2.8 - Wave height and surface elevationgliifferent cross-sections for the case of distaapzex
structure-coast 250 m (left, Ranasinghal, 2006).

Again, one section is across the apex of the strediSection A) while the other is
along the plane bed away from the structure (Se®&ijo In this case, the longshore flow
is less constrained by the topography, therebyvalig larger cross-shore flow over the
structure. In contrast to the previous case, hereeveetup occurs through the surf zone
on the structure, reaching a local maximum at the af the structure slope, and
decreases towards mean sea level over the flabftdpe structure. Through the surf
zone, part of the radiation stress gradient dritiesonshore flow over the structure and
the setup is reduced relative to the zero-onsHove dase (i.e. adjacent plane bed case).
A small amount of wave dissipation occurs across tiip of the structure which,
together with the hydrostatic pressure gradienttdusetup, maintains the onshore flow
over the structure. A small positive set-up remainthe back of the structure providing
the longshore pressure gradient to drive the lomgsflow (directed away from the
structure), with the maximum longshore transportuodng in the deepest water
immediately behind the structure. As in the presicase, the ‘along-structure’ currents
due to oblique wave breaking on the structure dmuti to the onshore flow over the
structure and to the alongshore flows in the lethefstructure. However, in contrast to
the previous case the substantial distance bettteeback wall of the structure and the
shoreline (i.e. 200 m) allows the waves to re-fdomsome extent in the lee of the
structure. Therefore, wave setup occurs againeaslhioreline in the lee of the structure
when the re-formed waves break at the shorelinguener, the reformed wave height in
the lee of the structure (section A) is lower tlila@ height of the previously unbroken
waves at the plane bed away from the structurdi¢seB). Therefore, the wave setup at
the shoreline in the lee of the structure is lothxan that along the shoreline adjacent to

32



Chapter 2 Functionality of a Multi-Functional Artifal Reef

the structure. This longshore gradient in the satujpe shoreline results in a longshore
gradient of surface elevation which drives alongshcurrents towards the lee area,
where they converge before turning offshore, owmgass conservation requirements.
Therefore, in this case, the resulting nearsharlgtion pattern consists of four cells,
symmetric about Section A, with convergent flowtla¢ shoreline in the lee of the
structure.

More complex geometries (for example the preserica platform) are however
more difficult to explain with the theories settfoin the above paragraphs.

2.2 SURFABILITY

Besides coastal protection, the creation of surfiagditions is an important aspect
of an MFAR. This section gives a systematic expianeaof the key surfing parameters
used in the design of an MFAR, viz., the peel antiie type of breaker, the wave
height and the currents. However, due to the ingmoe of waves for surfing, the
phenomena of free waves are elucidated first. Afterexplanation of the key surfing
parameters, the state of the art of MFARs will beatibed.

2.2.1 FREE SURFACE WAVES

Waves form when the water surface is disturbedwiogl, earthquakes or planetary
gravitational forces, for instance. Thus, we caentdy at sea waves that have very
short wave periods (order of 0.10 seconds, knowcapglary waves) to tides, tsunamis
and seiches (basin oscillations), where the waveg® are expressed in minutes or
hours. Wind waves, which account for most of thltavailable wave energy, have
periods from 1 to 30 seconds and wave heightsateseldom greater than 10 m and
mostly of the order of 1 m, particularly in deept&raconditions. As can be seen in
Figure 2.9, most of the energy possessed by ocearsns in wind-generated waves
(Thurman and Trujillo, 1999). During such disturbas energy and momentum are
transferred to the water mass and transmitteddrdtrection of the impelling force. A
proportion of the wave energy is dispersed by fathartial and convective means, but
a large amount is not lost until waves encountaleiv coastal waters.
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Figure 2.9 - Distribution of energy in ocean wagEsurman and Trujillo, 1999).

Wind waves can originate near the shore or offshiorease of offshore generated
waves, storms and depressions cause strong wintg$owo over a stretch of ocean
surface (fetch) for a certain amount of time. Wigrergy is transformed into wave
energy by the creation of high frequency waves knas choppy waves. The energy
from the higher-frequency waves (lower periods)insturn transferred to lower-
frequency waves (longer periods): the so cafle@ll waves The swell waves travel
faster than higher-frequency waves (speed of waveseep water ing/(Zﬂ)) and
consequently the swell waves will separate from Higher frequency waves as the
wave field propagates away from the region of gatm@n. The higher-frequency waves
of distant storms have dissipated most of theirggnbefore they reach the coast, and
so the wave field gets cleaned up. The swell wawigs the longest wave periods can
travel thousands of kilometres. The swell energgistributed over a relatively narrow
range of frequencies resulting in a slowly modwatave field. Therefore, swell waves
always arrive in sets. The periods of swell wavasyvn general between 8 and 16
secondsLocal wavesare formed by local winds, which cause the wavweaate to be
irregular and the waves to have short wave perignisgeneral between 4 and 7
seconds).

As mentioned, waves with lower frequency (longerv@angths) travel faster, and thus
leave the sea area first. The same is true for \ygewaps. Waves travel in wave groups.
Figure 2.10 shows such a wave group in wHicls the wavelengthlq is the wave-
group length, c is the wave celerity ands the wave group celerity.
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Figure 2.10 - Wave group (Fredsge and Deigaard;)199

The difference in speed of the single waves iscdngse for the principle of wave
dispersion, which is a sorting of waves by theivelangth. As a group of waves leaves
a sea area and becomes a swell wave train, the gnoues across the ocean surface at
only half the velocity of an individual wave in tlggoup. Progressively, the leading
wave disappears. However, there is always the sammder of waves in the group. As
the leading wave disappears, a new wave replacastite back of the group. Most
waves generated in the sea area by storm winds raokess the ocean as swell.
Generally, they release their energy along the msugf the continents in the surf zone,
which is the zone of breaking waves.

2.2.2 PEEL ANGLE

Surfable waves never break all at once along theeweest. If this does happen, the
waves are closing-out and not suitable for surfingposes. In order for a wave to be
surfable, the wave has to break gradually (read) péeng the wave crest. The velocity
with which this happens is called the ‘peel ratgof the wave (Figure 2.11).

The peel angle is one of the most important suifglgarametersd in Figure 2.11).
The peel angle is the angle enclosed by the wasst @nd the breaker line (Walker,
1974). Two other vectors that are shown in Figuid Zre¢ andV;. € is the wave
celerity and\7S (called down-line velocity) is the absolute vabfdhe vector sum of the

velocities € andV_, it is the actual velocity experienced by the surfFrom Figure

p )
2.11 it can be seen that another way to see tHeapgke is as the angle enclosed by the
velocity vectors of the peel ra\ép and the down-line velocit§7S (Henriquez, 2004).
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Figure 2.11 - lllustration of wave celerity vector peel rateﬁp , down line velocityV, and peel angle
(Source:surfermag.com).

In Figure 2.12 it can also be seen that the pegkadn fact is equal to the wave angle
[ between the normal on the bathymetry and the waygthe conventionally called
‘wave angle’) if the breaker line is parallel teetbathymetry. The angl@ is the so-
called reef angle.

Normal on reef

/ bathymetry
Offshore direction \ Peel angl /v Part of the breaker
* / line

Figure 2.12 - Peel angle on an MFAR.

Whether a wave is surfable depends mainly on theevaf the peel angle, related
to the down-line velocity a#S = L .
sina
When the peel angle becomes too small, the dovenselocity will become very
high and too fast for the surfer. The value of peel angleq, needs to be sufficiently

large for a wave to be surfable. The velocity thaurfer can reach depends mainly on
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the wave heighHy at the breaking point and the skill of the surféutt et al (2001)
investigated what the peel angidas to be for a given wave heidtgand surfer skill
(Figure 2.13). The definition of these surfer skif shown in Table 2.2.

Table 2.2 - Rating of surfer skill level (Hat al, 2001).

Rating Description of Rating a (deg) Hp (M)
Beginner surfers not yet able to ride the face whsae and
1 ; 0 0.70 - 1.00
simply moves forward as the wave advances.
5 Learner surfers able to successfully ride lateralng the 0 0.65 — 1.50
crest of a wave.
3 Surfers t‘hat haye ’developed the skill to geneated by 60 0.60 — 2.50
pumping’ on the face of the wave.
4 Surfers beginning to initiate and exgcute standarting 55 0.55 — 4.00
manoeuvres on occasion.
5 Surfers able to execute_standard manoeuvres cangdgu 50 0.50 +
on a single wave.
Surfers able to execute standard manoeuvres cangdgu
6 ; 40 0.45 +
Execute advanced manoeuvres on occasion.
7 Top amateur surfers able to consecutively exealtarced 29 0.40 +
manoeuvres.
8 Professional surfers able to consecutively exeadt@nced 27 035 +
manoeuvres.

90

60

Peel Angle
{deg)

Wave Height (m)

Figure 2.13 — Peel angle as a function of wavehieigd surfer skill. The peel angle is on the ysattie
wave height on the x-axis and the surfer skilhidi¢ated by numbers in the graph (Hettal, 2001).

Henriquezet al. (2006) proved algebraically that, for an arbiraeel angle, wave
height and offshore depth (in the context of a getical optics approximation of linear
wave theory), the maximum peel angle occurs atngfeaon deep water @frctany/s =

66°. The algebraic proof means that regardlessaveveonditions and offshore depth it
will always show the maximum of the peel angleratagle on deep water of 66°.
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In this thesis, the peel angle is studied more lgedfhe relation between the peel
angle,a, and the anglé (Figure 2.12) is represented by the graph predent&igure
2.14. The results shown in this figure are for aslieriod and a wave height, in deep
water conditions, of 1.5 m. The calculations areedtor waves travelling over a shelf
before reaching the reef (Figure 2.15). Howevetahse linear shoaling is assumed, the
results are the same for a wave travelling ovdopirsy bottom before reaching the reef
(Figure 2.16).

B0 ; ; ; . . . . ; ;
55+ .
50+ .
i3 .
peel | |
ee |
I 4 0.41 | |
angle 3
a 4 .
7 |- 0.56
g E
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15 ht 4 khe
o % w0 s w0 s & 8 70 75 &
Wave anglég
Figure 2.14 - Peel angleas a function of the reef andglgand the shelf deptkh; or hs for T= 10 s and
Hoz 1.5m.
deep water 11! shelf Ny
deep water

beach

\

B e il
II\\

Figure 2.16 - Peel angle without shelf.
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Not only does the peel angle have a maximum, hatdkear from Figure 2.14 that it
has an exponential growth for the same wave atghehen the reef starts in shallower
water. The physical explanations of these two phera are described below.

How can the peel angle have a maximum?

When calculating the parameters like wave heiglatewdepth and peel angle at the
breaking point, with linear theory, it appears thia larger the wave angle in deep
water, the less the water depth at the breakingtpdtigure 2.17 shows this
phenomenon for different wave angles in deep wadterthis figure, the angle of
incidence in deep watefp, can be seen as the anglén Figure 2.12 and the wave
angle in the third column in this figure, at thedker line position, can be seen as the
peel anglex in Figure 2.12. The second ‘column’ in Figure 2dré the values of the
wave angles at the line of the breaker line fordhgle on deep water of 45 degrees
(wave conditions are: a period of 10 seconds awd\&e height of 1.5 m in deep water
conditions).

From this, it can be seen that the wave angle geiilse same water depth when the
wave angle on deep water grows (law of Snellius).

| = Breaker line

90:45°

Deep water
BEACH
0,=66°

0,=75°

Figure 2.17 — Wave breaking more shorewards fgelawave angle at deep water.

The fact that the wave travels more shorewardaf@rger wave angle on deep water,
has to be caused by a stronger decline in the Wweight so that the wave can travel on
longer before it breaks. For that reason the deveémt of the wave height along the
wave ray is investigated. Two processes influeheentave height when a wave travels
towards the coast, and these are shoaling andctiefta The variation in the wave
height for different water depths is given by Equa®.1.

(2.1)
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C
iR is the refraction factor. The

: : cos?,
is the shoaling factor an&, = !

where K, =
cosb,

Cyo
wave travels from the location of wave height tlwards the location of wave height
H.. Shoaling is independent of the wave angle on dester; refraction, however, is
dependent on that angle. Figure 2.18 shows therfa&st*Kr when the wave travels
from deep to shallow water conditions for anglesdeep water of 45 degrees and 75
degrees, considering the same wave conditions sirowigure 2.14. Figure 2.19 shows
the consequence for the wave height of what is detnated in Figure 2.16.

4
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Figure 2.18 - Multiplied factor of the shoaling aredraction factor.
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Figure 2.19 - Wave height as a function of the 8hgaand refraction factor.

Figure 2.19 shows that, for the same water depthwave height decreases when
the wave angle on deep water increases. Becautesalecrease, the wave can travel
further towards the coastline before the breakiogd@ion H, = 0.78h is met. As a
consequence of the law of Snellius, it can be ocoetl longer and the wave angle can
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continue to diminish. The maximum peel angle oceuith an angle on deep water of
66 degrees no matter what the wave conditions.ab@n angle of 66 degrees the
decrease of the peel angle by the effect of a longetinuation of refraction (law of
Snellius) is larger than the increase of the pegleathrough the effect of a larger wave
angle on deep water.

Why is there exponential growth of the peel angleof the same wave anglés when
the reef starts in shallower water?

Another aspect of the peel angle is that it expees exponential growth with
decreasing depth of the start of the reef, forstime wave anglé,, as can be seen in
Figure 2.14. The only process by which the waveleacbanges along the wave ray
when a wave travels from deep water towards theetihe is refraction. The influence
of refraction on the wave angle is given by Snslliaw (Equation 2.2).

d [S'—”ej =0 (2.2)

dx( c

wheredx is in the direction of the wave raf,is the wave angle between the wave ray
and the normal to the bathymetry and c is the waalecity. Equation 2.2 can be re-
written as:

_ tanh(kh),

sinB, = Asinf, ; A= 2.3
2 . tanh(kh), 3)

wherek is the wave number, and the water deptls lyreater than the water depih

The difference in the water depth from point 1 ¢anp 2,Ah = h; —h,, is assumed to be
the same for all water depths. In fact, the valu@ @ Equation 2.3 gives information
about the magnitude of refraction; its value istigld in Figure 2.20 for different water
depths. The period in these calculations is 10t €ah be seen in Figure 2.20 that
refraction for the sam#h is relatively greater in shallower water.
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Figure 2.20 - Relative refraction.

In order to show this effect on the exponentialwgio of the peel angle with
decreasing depth, two cases are assumed (Figule 2.2

Case 1: two reefs in relatively deep water, stgrinith a difference oAh in water

depth;

Case 2: two reefs in relatively shallow water, tatgr with a difference ofAh in

water depth.

Case 1l Case 2

—

Offshore direction

Figure 2.21 - Two cases of reefs starting at diffiédepths.

In Case 2, the loss in total refraction of the wheen &to the wave anglg between
the two reefs is larger than in Case 1. Figure 2R#vsgfor the deeper start of the reef
in Cases 1 and 2, whefe is the horizontal distance for the vertical dis@nh. This
larger value of loss of refraction in case 2 meghas the wave at the breaking point has
refracted relatively less in Case 2 than in Cagevén though the initial refraction is
higher (Figure 2.20)], leading to a stronger groathhe peel angle. This effect appears
at every water depth and it is the reason thap#et angle experiences an exponential
growth with decreasing depth, for the same wavéeathdSo it can be said that the peel
angle grows exponentially for a lower start of tieef depth with the same angle
because refraction is exponentially greater inlshalvater.
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Figure 2.22 - Different loss in refraction for thveo cases of Figure 2.21.

2.2.3 BREAKER TYPE

The shape of a breaking wave is of great importémceurfing. Battjes (1974) used
the surf-similarity parametety (equation (2.4)), to describe the breaker typeiagle
slopes:

(2.4)

whereg, is the offshore Iribarren number, s is the botglape,H is the offshore wave
height andL, is the deep water wave length. The value of thigairen number
corresponds with every regime as in

Table 2.3.

Table 2.3 - Breaker type transition values fordffehore Iribarren number.

Regime Range
Surging/collapsing  $o > 3.3
Plunging 05>¢, >33
Spilling $ <0.5

Besides the offshore Iribarren number, also théadres Iribarren number,, has
been defined. In the inshore Iribarren parameteroffshore wave heighHy, has been
replaced by the breaker wave heigHg, All other parameters are equal. In principle,
transition values and other wave breaking-relateahtties described should be better
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predicted in terms of the inshore parameter tharsthf-similarity parameter, since the
inshore parameter involves the measured breaking waight rather than the deep-
water wave height. However, correlations with measwents using the inshore
parameter showed no superiority (Smith and Kra@90)L The categorization of the
different breaker type regimes of the inshore hiba number is presented in Table 2.4.

Table 2.4 - Breaker type transition values for arghlribarren number.

Regime Range
Surging/collapsing ~ $» > 2.0
Plunging 04>¢& >20
Spilling $ >0.4

It should be noted that these results are basexkperiments on plane slopes where
the angle of incidence of the waves was zero. Topesis the slope that the wave
experiences, so is along the path of the wave andalong the normal on the reef
contours (Figure 2.23).

Offshore
direction

Figure 2.23 - Path of the wave compared to the abam the depth contours.

The main breaking types are described as follohs fechnical part of terminology
is from Galvin (1968), the relation between thealier types and the Irribaren number
from Battjes (1974), and the surfer interpretafrem Henriquez (2004)].

1. Spilling breakers

These breaking waves occur if the wave crest besametable and flows down
the front face of the wave producing a foamy waterface — surfers would say a
‘soft’ or ‘weak’ wave. This regime is consideredrfable. Spilling waves are

shown in Figure 2.24.
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Figure 2.24 - Spilling Waves:fb = 0.2 (Battjes, 1974).

2. Plunging breakers
These breaking waves occur if the crest curls tverfront face and falls into the
base of the wave, resulting in a high splash -esarfall this a ‘tubing’ wave. This
regime is preferred by most surfers, and a mordérgpplunging wave is preferred
over a more collapsing plunging wave. Plunging vgaaee shown in Figure 2.25
and Figure 2.26 .

Figure 2.25 - Plunging wavég = 1.5 (Battjes, 1974).

plunging

Figure 2.26 - Plunging Waveifb = 0.5 (Battjes, 1974).
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3. Collapsing breakers
These breaking waves occur if the crest remainsake and the front face of the
wave steepens and then falls, producing an irreguldulent water surface -
surfers often encounter this regime at reef bredksn the tide is too low and the
reef is not submerged enough to produce surfablesyand so it is an unsurfable
regime.Collapsing breaking waves are shown in Figure 2.27.

Figure 2.27 - Collapsing wave§b = 3 (Battjes, 1974).

4. Surging breakers
These breaking waves occur if the crest remainsake and the front face of the
wave advances up the beach with minor breakings Tégime is also unsurfable.
Surging breaking waves are shown in Figure 2.28.

Figure 2.28 - Surging Wavez,fb =5 (Battjes, 1974).

It should be noted that the breaker types menti@imye will only develop as the
Iribarren number describes (according to the botstope and wave steepness) when
the wave experiences the relevant conditions dwemgugh length of the slope. So a
wave that should in principle be plunging when rédks on an MFAR, according to
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Equation 2.4, will be more spilling when it breakshe slope of the reef is relatively
too short to reach the Iribarren number for theevaht bottom slope and wave
steepness. In other terms, the wave breaks to sgtaat according to the bottom slope
and not just according to the reef slope (Figue9y.

o S;;k;n-le-rée-nge' of the reef
Slope reef —— eight of the reef

Slope bottom T

Figure 2.29 — Breaker type.

The breaker type is an important parameter in tt@pe of multi-dimensional
artificial reefs. Besides the indication of the myyedissipation it is also an important
parameter for the wave shape. It is critical toenavhighly-refined definition of the
wave breaking intensity and to define the actualpshof the plunging wave profiles,
since this type of breaking is preferred by mostess. Mead and Black (2001a) related
wave vortex parameters to seabed slopes at a wigetion of world-class surfing
breaks and they have developed a linear equati@netdict the vortex length to width
ratio. However they didn’t take into account thevevdneight and period in their study.
Henriguez (2004) found, in an experimental studg Wwave basin, that the depth of the
reef crest significantly affects the shape of aakieg wave and that this should be
studied by conducting more laboratory experiments.

The conventional method to predict the wave bregalatensity, namely the Iribarren
number, was defined for a beach with a constampesiavhich is not the case for a wave
breaking in an MFAR. The categorization of breakgres defined by Battjes (1974)
was based on the Iribarren number on a single, klage. However, in case of a
breakwater the influence of its submergence andetingth of the slope on the breaking
process is not clear. Even though the Iribarrenbrmeould not be the best method to
predict breaking waves for surfing, it still is thrst appropriate method.

Regarding the breaking behavior on and velocitiesirad artificial reefs with a
smooth slope, just one study has been conductesl wave flume by Corbett and
Tomlinson (2002). They performed a physical stuatyMoosa Main Beach in Australia
to investigate the wave breaking behavior and aatsat safety issues for an artificial
reef. The analysis of the results of these tests @gpecially focused on the breaker
type, the breaker wave height and the breakeritotats an indication for the safety of
the submerged reef. However, no surface elevatiwh\elocity measurements were
extensively made. Besides that, even though sewedamergences were tested, no
analysis of the relation between the submergendetaniribarren number were made.
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Furthermore, the influence of the length of thepsl@n the Iribarren number was not
investigated.

Henriquez (2004), Van Ettinger (2005), Over (2006ung (2006) and Poort (2007)
investigated the breaking behavior on and currantsind an artificial reef in a wave
basin. However, in these experiments the influesfcthe length of the slope and the
submergence of the reef on the wave shape was nvestigated. Several other
experimental studies have been conducted in wasia$éor projects of artificial reefs
as for the Narrowneck reef of which the construttwas finished in 2000 and the
Dubai reef of which the construction has not sthytet. However, the data from design
studies are often confidential and not availabtestoence purposes.

2.2.4\WAVE HEIGHTS

By now every possible wave has been surfed. Suttatssurf on a long board are
still surfing when waves are 0.15 m high, wherémsé that are towed into waves ride
the biggest waves they can find, up to 20 m. Omthele, waves between 0.5 m and 10
m are considered surfable (Henriquez, 2004). Howenerder to study the viability of
an MFAR, wave heights between 1m and 3 m are th& ©wmmmon values, and are
adjusted according to the target level of surfess Which the MFAR are being
designed.

2.2.5 CURRENTS

Currents around a surf break are of vital impontawwben considering the surfability
of the break. There could be waves in perfect sgréiondition but yet unreachable due
to strong currents. Usually these cases are rdri¢ isunot ideal to have to be constantly
paddling to keep positioning.

Rip currents can destroy good surfable waves. Ripents are narrow strong currents
that move seaward through the surf zone (Bowen919&hen the rip-current flows
through the breaker zone the wave seems to geughreurface and breaks in a
hesitating manner making the waves unsuitable diofing). Rip-currents can also be
advantageous; the surfer can use the rip-curregetmutside the breaker zone more
easily (Henriquez, 2004).

2.2.6 WAVE FOCUSING

Wave focusing, like refraction, is another physigadcess that has a large influence
on surfing as it has a large influence on the peegle. In the study of Mead and Black
(2001b) wave focusing is recognized as an impouapect in the design of an MFAR.
Besides increasing the wave height and refracitohas an effect on the peel angle.
However, this contribution of the different proces®f refraction and wave focusing on
the peel angle along the breaker line has not geeh laescribed. It will be threatened in
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this section. If wave focusing occurs, the wavesregnverge, leading to an increase in
wave height and consequently to its earlier bregaKiris causes the breaker line to be
nearer the intersection of the reef and the setorothan if there was no wave
focusing, leading to less refraction and thus adigalue of the peel angle.

The influence of wave focusing on the breaker Imeart of this thesis and is here
presented more deeply. The breaker line in Figud@ and Figure 2.32 and the graph in

Figure 2.31can be divided into three parts: panvAere wave focusing occurs; part
B, where wave defocusing occurs, and part C, witienes is neither wave focusing nor
defocusing ¢, andag are zero, Figure 2.31).

When wave focusing occurs, the value of the pegleacan be divided into several
contributions:

a1 1S the angle® minus the decrease due to refraction on the tepégqFigure 2.31

and Figure 2.33);

az is the difference between the angles for the castbsand without wave focusing,

due to less refraction by earlier breaking (gge Figure 2.31a, = a4 — a1 inFigure

2.33);

az is the angle due to deviation of the breaker finen the parallel to the bathymetry

of the reef side (Figure 2.31 and Figure 2.34).

s 4+ Breaker line

Reef tip

Figure 2.30 - Breaker line (Henriquez, 2004).
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Peel angle inclusive contribution of wave focusing
== ==+ Peel angle without contribution of deviation of tireaker line due to wave (de-)focusing

Contribution peel angle due to deviation of theakegline due to wave (de-)focusing

Figure 2.31 - Contributions to the peel angle altrgbreaker line (basic Figure: Henriquez, 2004)

0.3200

Minimum of a;+a,

Part C

Part A

Figure 2.32 - Enlargement of part of the breakes;lschematic positions of certain values of the pe
angle.

Offshore direction
4—

wave ray

wave ray

Figure 2.33 - Anglesl ando4.
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breaker line

Offshore direction

wave

Figure 2.34 - Angles.

The transition from wave focusing to wave defocgsatcurs at the minimum of
anglea;+a, on the right side of part A. This can be conclubdedause at that point the
peel angle is equal ta, which is the value for the peel angle withoutwenve focusing.

The peel angle is different for the areas A and B. In areacA,is the minimum
value ofai+ay, corresponding to a peel angle value when no waWecusing (after the
wave focusing) would occur. For large valuesspthe peel angle tends to a certain
value. This is the value af; in area B, which would occur if there were no wave
focusing and no wave defocusing.is smaller in area A than in area B. This meaas th
the position of the minimum ef;+a, at the right end of area A is nearer the crestllev
of the reef than the location of the breakerlinel&mge values o in area C (Figure
2.32).

The anglen; is positive in area A and negative in area B (FegeL31). It is positive
in area A because the breaking occurs further dveary the crest level of the reef than
it would if there were no wave focusing. The valnearea B is negative because the
breaking occurs nearer the crest level of the tteat it would if no wave focusing and
no wave defocusing occur.

Breaks on natural reefs are used by surfers. Aystud34 world-class surfing breaks
lead to a bathymetric classification of these bse@eadet al, 2001b). A so-called
ramp, platform, focus, pinnacle, wedge, ledge adder were identified. All these
categories have a different influence on the beltani the waves. The surfing wave
quality at the world-class surfing breaks is preddby a combination of different
categories of bathymetry (Mead al. 2001b). Besides Meagt al. other researchers
also found that a platform can have a positiveugrice on the creation of surfable
waves. Smit and Mocke (2005) found in a numeritady that, in the design evolution
of an artificial surfing reef for the coast of Dupa reef can create good surfable waves
if the reef allows the waves to shoal prior to Bredthout undergoing significant
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refraction, and therefore they included a platfarmthe reef design. However, the
influence of the platform on the other surfabiliigrameters besides the peel angle, from
a theoretical point of view, has not yet been dbsdrand will be done in this thesis.

2.3 MULTI-FUNCTIONAL ARTIFICIAL REEFS

2.3.1 MuLTI-FUNCTIONAL ARTIFICIAL REEFSBUILT SO FAR

Until 2007 three artificial reefs have been buither with the purpose of enhancing
of surfing possibilities (Artificial Surfing Reef)r jointly with other purposes, like
coastal protection (Multi Functional Artificial RBeBelow, the reefs are described in
chronological order of building. The descriptione#Hch reef focuses on the results of
environmental and monitoring studies.

Cable station (or Cables), Perth, Australia

The first ASR was built close to Perth in Australiad named Cable Station or
Cables (Ranasinghet al., 2001). Construction was completed in Decemb®&919he
purpose of the surf reef was to produce surfableewaegularly. It was not intended as
a shore protection structure, as the shorelineaaleCStation consists mainly of rocky
outcrops and platforms, and so is naturally stable.

The overall dimensions are 80 m cross-shore by 90ngshore. The reef (Figure
2.35) was constructed of granite.

Two experimental design studies (one in a wave él@md one in a wave basin) and
three numerical surfability studies were undertakerthis reef. In addition, there was a
beach response study in the design phase, and \d@rorenental study was also
undertaken in which the marine habitats were oleskrvefore and after construction.

The researchers of this last study, Bowman Bishash&@n (2000) predicted the
recovery of the diversity of marine life that prewsly inhabited the area. Finally, a
post-construction performance study was carried out

When 90 percent of the reef had been built itsquathnce was studied. During the
6-month study period, 77 surfable days were idextifThe researchers concluded that
the performance of this reef exceeded expectaiiPattiaratchi, 2000), although this
has been disputed by some members of the locahguybpulation.
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Offshore
direction

Figure 2.35 - Plan view of design reef Cable stafRanasinghe, 2001).

Narrowneck reef, Gold Coast, Australia

The Narrowneck reef is situated off the Gold CoAsistralia. The construction was
finished in December 2000 (Ranasingteal, 2001). The primary objective of the reef
was to widen the beach and mitigate storm erodigntetaining and protecting the
nourished beach (over 1 million cubic metres ofrighument). The secondary objective
was to improve surfing.

The overall dimensions are 400 m cross-shore byn2@thgshore. The submergence
is 1.5 m below lowest tide (Jacksehal, 2005; Corbetet al, 2005). The reef (Figure
2.36) was constructed of GSCs that weighed 160t808s, being typically 20 m long
and up to 5 m diameter (Black, 2000). In all, 339 were placed. The total volume of
the reef at the end of construction was 110 00Gccumetres. The bags were filled with
natural sand in a split-hull hopper dredge. Ontledfj the bags were dropped on the
seabed using bow and stern satellite positioniradigm the dredger.

For this reef one physical study was carried outrii€ret al, 2001). Besides the
experimental study, four numerical studies weregiedrout for the reef design (Black
and Mead, 2001). The models implemented were aatdn model WBEND, a multi-
purpose model 3D, a sediment transport model POL3id a beach circulation and
sediment transport model 2DBeach.

A pre-construction study (Ranasinglet al, 2001) had been undertaken to
investigate the likely environmental impacts on #nea. During and after construction
an ARGUS video imaging system was installed to toorihe shoreline response to the
reef. This system is capable of providing very aatiquantitative information. Also, a
number of hydrographic surveys have been carried lbuappeared from a beach
monitoring study (Jacksoet al., 2005) in the period 2000-2004 that the beachifipd
of the reef was of the order of 40 m wider thamhat start of monitoring. In the lee of
the reef, an additional 30 m had been obtained. é¥4ew it has to be mentioned that
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before construction a nourishment program of over million cubic metres of sand
was carried out, so it is difficult to analyze thiect of nourishment and the effect of
the reef. Another result of four years of monitgrithe reef is that, according to the
researchers, the size of the reef could have bemties. Environmental research and
analysis have provided a comprehensive list ofdikierse marine species found on the
reef. It has become evident that since construdtienmarine habitats created by the
reef are of significant value (and much bigger tbgpected), both environmentally and
for recreation in the form of diving and fishing.

The GSCs were predicted to be stable in the 8-18mplitude waves that occur
during cyclones and up to now they have proveceted

Concerning surfing, there use of the Narrownech &@s significantly increased for
all types of surfing and a number of competitiorss lzeld at Narrowneck because of its
more reliable surfing conditions. However, Narroekie surfing attraction suffers from
its proximity to numerous world class waves and tbef doesn’'t produce always
‘perfect’ waves - regardless of wind and wave cbads - as the general surfing public
hoped (Jacksoet al., 2005).

tered swimming
fat low tide

Offshore directi

Sebibe

Depth (m)

Offshore direction 700

1
Scale (m)

Figure 2.36 - Narrowneck reef, Gold Coast, AustralPlan view (up) and side view (down) of reef
(Black, 2000).

Pratte’s reef, El Segundo, America

Pratte’s reef near Los Angeles in America was cangtd between 2000 and 2001
(Borrero and Nelson, 2003). The purpose of the vess just to enhance recreational
surfing in order to offset the loss of surfing aelae to the construction of a groyne.

The overall dimensions are 30 m cross-shore witm76ngshore. The submergence
of the crest was 0.9 m below lowest tide. The (E&jure 2.37) was constructed with
about 200 GSCs. The bags had a maximum volumeafuhic metres (the largest bags
of the Narrowneck reef were about 400 cubic metfEsg total volume was about 1600
cubic metres. The bags were filled in the port oflAngeles and then loaded onto a
barge, to be taken to the site. The bags were gliacthe surf zone by a barge-mounted
crane.
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There is no available information about any desigiies that have been carried out
for this reef. After construction, however, shamelimonitoring, bathymetric surveys,
diving surveys and surf quality surveys were urademh. As a conclusion of the
shoreline and bathymetry surveys it can be saidl tte reef had no effect on the
shoreline and bathymetry. Any noticeable changesdae to natural seasonal changes.
One remarkable finding of the diving survey was thpid biological growth on the
bags. Within weeks of the initial bag installati@gae had begun to grow on the bags
and schools of small fish were attracted to thes Sihe diving survey also revealed that
several reef bag units were ripped or shreddedhamd losing their fill material.

The conclusion of the surf quality of the reef nmtt there is an almost complete
absence of surfers. The basic problem is thatésattef is too small to significantly
alter wave breaking and near shore coastal proseshe Narrowneck reef is 70 times
larger (in terms of dimensions).

Figure 2.37 — Plan view of design of Pratte reedr{fiquez, 2004).

2.3.2 MuLTI-FUNCTIONAL ARTIFICIAL REEFS UNDER CONSTRUCTION

In 2008 just two MFAR were under construction, ailthh several studies on the
viability of MFAR are underway around the world. Asfore, the description of this
reef concentrates on the results of environmemiglnaonitoring studies.

Mount reef, Mount Maunganui, New Zealand

The reef is located on the east coast of New Zdaamorth island. The ASR is
designed to have a primary purpose of creating gigtlity surfing waves. Besides that,
the Mount reef will be a research site for sustalmacoastal protection and marine
ecology. The sand banks, used by surfers, are aithstthanging which means there
are seldom consistent high-quality surfing wavesrgtparticular spot.
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The dimensions of the reef are 70 m cross-shore%ndn longshore. The reef
(Figure 2.38) will be constructed of 24 GSCs. Tlagdvary from 30 m long with a
diameter of 1 m to 50 m long with a diameter of 5This is a volume varying from
27 to 660 cubic metres. A smaller geotextile tulsedur tube”) will also be installed
behind the reef to prevent sand being scoured troder the two big bags.

The total volume of the reef is0®0 cubic metres, which is 1/20 of the Narrowneck
reef. The reef will be constructed as follows: émepty bags will be tied onto a webbing
lattice on dry land before being folded up and tdwet to the reef site on a barge. The
empty reef will then be offloaded and pulled dowatoi position on the seabed using
Ancor Locs. Once secured in place the sand is pdrige the bags to fill them all up
and create the shape of the reef.

For this reef one physical study has been carrigdand published (Moorest al,
2006). No numerical studies have been published.

T Offshore direction

Figure 2.38 - Plan view design Mount reef (souree&w.mountreef.co.nz).

Bournemouth surf reef, Boscombe, Great Britain

The Bournemouth surf reef is the first artificiakreef that has been in Europe. The
construction started in October 2008. The reef baélllocated to the east of Boscombe
Pier, about 2.5 kilometres from Bournemouth Pier] éakes up approximately one
hectare 225 metres from the shoreline. The redfuik from large geo-textile bags
pumped hard with sand. The sandbags are up tolé@gn2 m high and 6m wide.

The reef will be built in two layers: the bottonyéa sitting on the sea bed consists of
three sections, on top of which lies the secondrlay two sections. The first section is
deployed on Boscombe seabed, filled and then thenslereef section is laid and filled
and so on, until the reef is completed, once thie $iection is laid and filled.

The bottom layer elements consist of three indigicections:

1. a geo-mat to minimize the structure sinking inte sea;

2. overlain by a huge web of specially sewn matehat tooks like large seat belts;

3. on top of which huge geo-textile empty bags arachtd.
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These have been tied together to create the écdiom, which has then been folded
into a concertina and placed on a barge, readgdployment on the seabed. When the
weather is good enough for deployment (perfectlymcaveather conditions are
essential) the barge where it will be transportethé site at Boscombe.

Prior to placing of the first set of bags, 11 temgpy anchors have been set around
the perimeter of the surf reef site. They will ksed for locating and securing the five
reef sections elements when they are filled. Eaeh&lement will be placed on a barge,
transported to the site, lowered, and the shoreoétite reef will be attached to a set of
anchors by divers. The barge will then be slowlnehied along the reef site allowing
the section to gradually unfold and peel off inb@ twater. The section will then be
pulled down onto the seabed with winches and sdadarplace on the anchors ready for
filling.

The top layer consists of two larger sets of bagsised to locating webbing without the
geo-mat layer, as they will be sitting firmly omptof existing sand bags. The sequence
previously described is followed again. When tHenfj phase has been completed,
divers will remove the location straps attachedhi anchors, and the contractor will
remove the temporary anchors.

No physical or numerical studies of this projecténdeen published.

2.4 CONCLUSION

In this chapter the functionality of an MFAR hasebedescribed both in terms of
coastal protection and surfability. At one hand thenctionality in terms of
hydrodynamics and morphodynamics has been treattatahe other hand the state of
art of the functionality of an MFAR has been preéednFrom the state of the art it can
be concluded that until 2007 three artificial relefiye been built in the world and that in
2008 two other reefs were in construction. Anotleenclusion is that there is a
significant lack of design guidelines for an MFARdathat the optimal design of a
MFAR is site specific.
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3. DESIGNING AN OPTIMAL GEOMETRY

Due to several reasons it would be unrealisticres@nt one optimal design of an
MFAR for all locations in the world. These reastiase to do with local circumstances,
like tidal range, wave climate, bathymetry, curseand sediment transport and the
budget.

However, for the design of any artificial reef thwill be built to both protect the
local coastline and to create surfing conditioreyesal design parameters have to be
considered. What should be taken into account f@seé parameters in terms of
hydrodynamics is described below. This chapter eotrates on hydrodynamics, but
once an optimal geometry in relation to hydrodyreanhas been determined, a
thorough morphodynamic study (physical and/or nucaéris necessary to investigate
the capacity of an MFAR to protect a local coastlin

3.1 MFAR-ANGLE

The choice of the MFAR-angl&, (Figure 3.1) is mainly related to the peel angle.
described in chapter 2, section 2.2.2, the pededmgs its maximum fof = 66° and
consequently this is the first option for this valiHowever, this maximum is found
with linear refraction and without wave focusing.drder to get the proper form for the
design peel angle, numerical simulations, that ialegular waves and wave focusing
into account, ought to be performed.

wave direction

Figure 3.1 - Reef angle (reef in plane view).

3.2 THE HEIGHT OF THE REEF

The height of the reef depends on: its horizontadedisions, its distance from the
shore, its submergence and its slopes. Howevehdlght needs a minimum value in
relation to the breaker type. For a certain rega) the height determines the length of
the reef side. This should be long enough for tla@eao feel the reef, otherwise the
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wave does not have enough space, and that it isdl lareak in accordance with the
slope of the bottom (see Figure 2.29).

It is not yet known how long a reef needs to bgeabthe desired breaker type under
certain wave conditions and slope of the reef (aling to Equation (2.4)). The
research of Smith and Kraus (1991) is closely eeldb the influence of the length of
the reef slope on the breaker type. They conduetddboratory study of a wave
breaking over bars and artificial reefs and usedl résults to categorize the offshore
breaker type differently from Battjes (1974) whée tbottom has a barred profile.
However, this categorization is general, for vagyneef slopes and wave conditions,
and the length of the reef slope is not taken @awwount, so it is not appropriate for this
study.

To determine the exact length of the reef sideireduor the proper breaker type, as
a function of the wave length, and thus the valfiethe reef height, numerical
simulations should be performed. In order to chotse initial geometry for the
numerical simulations, a fraction of the local waeegth can be taken as the minimum
length of the reef; take, for example, 1/4 timee tbcal wave length. Thus, for a
relatively long wave period of 14 seconds and d start at a depth of 4 m, the
minimum length is 22 m. Assuming 1:10 slope, th@imum height is then 2.2 m for
waves breaking on the crest of the reef. For tisigde an extra value can be added, so
waves can also break a little before reaching tiestcfor example, 0.3 m. In this
example, the minimum height that should be takep.Bsm. For shorter wave periods
(or shorter wave lengths) a lower reef height sth@chieve the design breaker type.

3.3 THE GEOMETRY OF THE REEF

The choice of the form of the geometry is, like ttleice of the MFAR-angle,
mainly related to the peel angle. An initial desajroice for the initial geometry shape
for the numerical simulations can be a delta foomposed of two rides (a left and a
right ride) with a constant MFAR-angk= 66°, as described previously.

Such a delta structure, which will be designed reate surfable waves, could be
placed on the sea bottom or on a platform. A ptaifes, in theory, positive for the
coastal protection aspect of the reef, becauseakemthe (large) waves break over it
across its whole width (Smit and Mocke, 2005). Buwe effect of the presence or
absence of a platform on the current cells thalt lvélformed needs to be studied with
numerical simulations. Regarding the surfer paramedf peel angleq, breaker type,
here related to the corresponding inshore Iribamember, £, , and wave height at the
breaking pointHy, it has to be determined if the platform has atp@sinfluence.

The peel angle should be taken between 40 and gfeet for the waves to be
surfable for most surfers (see Table 2.2 and Figuig), and the peel angle has a
maximum for an MFAR angle of 66 degrees.
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Some calculations have been made to gain morehinsigp peel angle values. To
estimate the peel angle we have to know what teedevave height is. The larger the
design wave height the smaller the peel angle bal(the wave breaks sooner, and so
refracts less).

Calculations were performed for a reef consistihg platform with a delta structure
on top, having an MFAR-angle of 66 degrees and /kiee submergence of the reef is
1.5 m, for safety reasons (see section 3.4 inctiepter).

The wave conditions were wave periods of 6, 10lhd and wave heights of 1, 2, 3
and 4 m and the breaker criterion was chosen tdybe 1.1h, (Table 3.1). Over gentle
slopes, waves are expected to break whgn y+h,, whereHy, is the breaker height and
hy is the breaking depth, andis equal to 0.78 (Sverdrup and Munk, 1946). As the
beach slope increases, as though over a reefathe wvfy increases for the same wave
steepness in deep water. The chosen valyebi.1 is based on the work of Kaminsky
and Kraus (1993). These researchers derived anrieaipiormula in a review of
seventeen data sets obtained by various investgatolaboratory experiments. The
formula is:

¥, =1.20&,°% (3.1)

wherey, is the breaker condition anf], is the deep water breaker parametgy.is
equal toé, with the exception that the breaker wave heiglst toabe replaced by the

wave height in deep watdf,. Assuming a reef slope of 1:10, the mean valug, &6
1.1 for the tested wave conditions, and the maxinsuin3.

The peel angle was computed for two depths forpthdform: 4.0 m, which is the
minimum depth of the platform in the example citledhe part about the height of the
reef (1.5 m submergence + 2.5 m minimum heighthef delta structure), and 5.0 m
(Table 3.1). Waves that break before they haveeteava length equal to 1.0 m height
of the delta are not taken into account, becausg #re not expected to result in
plunging waves. Although the calculations use lints@ory and the wave focusing is
not taken into account, they give an indicationudlibe values of the peel angle.
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Table 3.1 - Peel angles for a reef with a submergeh 1.5 m and reef start depths of 4.0 m (left) 8.0

m (right).
a) Reef starts at 4.0 m depth. b) Reetsat 5.0 m depth.
T\H 1m 2m 3m 4m T\H 1m 2m 3m 4m
6s * 35.7 44.6 - 6s * 319 391 -
10s * 38.6 49.5 X 10s * 338 418 X
14 s - 41.8 X X 14s - 360 453 X
Bold values =wave breaks on the reef
* = waves go over the reef
X = wave has already broken or breakBeabeginning of

the reef
- = rarely existing wasenditions at west coast of Portugal

Results from Table 3.1 show that for wave heightshe range of 1-2 m the case
with a platform at the minimum depth of 4.0 m offenore peel angle conditions within
the range of amateurs, i.e. between 40 and 60 eegFer cases with a platform lower
than 5.0 m under the still water level the peellengvill be even lower than the values
shown in Table 3.1b.

As the peel angle values are better for a starthdefpthe delta structure as small as
possible, taking the example minimum height of teef, it can be concluded that a
platform at the seaward end of the structure defyihas a positive influence on the
peel angle.

However, if the platform is under the whole deltausture, it probably has a
relatively negative influence on the peel angléhatshoreward end compared with the
case without a platform, because the delta strectan be higher at this point.

Moreover, the influence of a platform on the oth&o surfer parameters, i.e., the
breaker type and the wave height at the breakimgf,dwas not yet been investigated. In
order to analyze this, the qualitative developmeihthe peel angleg, the inshore
Iribarren numberé, , and the wave height at the breaking pdif, along the breaker
line are presented for both cases presented befdaleand without a platform under the
delta structure. The developmentofl/é, andHy is presented in Figure 3.2 and shows
that, for the case without a platform,1/£, andH, are smaller at the beginning of the

reef and larger at the end. These differences auvsed by more refraction at the

beginning of the reef (by longer slope) and le§sction at its end (by shorter slope) in
the case without a platform. When wave focusindamper plays a rolez, ¢, andHy

increase towards the end of the reef without afgiat and stay constant in the case
with a platform.
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Figure 3.2 - Relative development of the peel angeve height and Iribarren number along the bneake
line.

From this analysis, it can be concluded that th@cehof a platform does have an
influence on the three surfer parameters: peeleabgeaker type and wave height at the
breaking point. Wave defocusing is not taken intgoant in this analysis, for two
reasons. First, because the area over which the fe&using occurs is relatively small
and second because the contributions to the pgtd ahwave defocusing are relatively
small compared with the area where wave focusingums¢ as described in the
theoretical background.

Regarding the peel angle, the choice of a platf@mot straightforward. A small
variation in the peel angle along the ride does reptesent a problem since surfers
actually like some variation. However, the peellanghould be between 40 and 60
degrees, as mentioned before. Calculations havershioat these values of the peel
angle are reached with the platform at the minint@pth for most wave conditions. So
in terms of the peel angle, a platform in the fpsirt of the reef is a better option.
However, if the height at the last part of the reefsmaller in the case without a
platform, the option of no platform would be betbecause refraction will be less.

Regarding the breaker type, the use of a platferagain a better option, because
is smaller at the beginning and stays constantgaioa ride.

Regarding to the wave height at the breaker ptietpreferred wave height depends
on the skill of the surfer. However, it is easier dtart surfing when the wave is
somewhat higher, at the beginning, especially wherpeel angle is small. So, it can be
concluded that, for the wave height at the bregent, a platform is a good option,
since for this case the wave is higher at the laggof the reef.

In conclusion, the use of a platform has a positnfience on the most important
surfer parameters: the peel angle, the breaker appethe wave height at the breaker
point. However, not using a platform is better loe peel angle if the reef is less high,
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even though it should be higher than the minimusrstated in the part about the height
of the reef.

Moreover, constructing a platform only at the seawpart of the delta structure
would give a maximum peel angle along the entide.rin some cases this is actually
the only possibility, because the platform intetsewith the bottom (Figure 3.3).
Positioning the reef more seawards in order to ttocisa platform under the whole
delta is often not an option since, as will be akpd in the part of about the horizontal
dimensions, the distance between the shorelindghandtructure is established with the
objective of preventing coastline erosion.

reef

Intersection platform and bottc

Figure 3.3 - Intersection of platform and bottom.

Even though, in theory, a platform has a positimBuence on the main surfer
parameters, it still has to be taken into accolnait the exact influence can vary
considerably with different geometries, and esplgdile reef angle is expected to be of
much influence. One way to investigate this infleeenis to perform numerical
simulations.

Another important factor that should be taken iatzwount is that the form of the
platform in the horizontal plane should be chosentlst its volume is as small as
possible.

3.4 THE SUBMERGENCE OF THE REEF

The submergence of the reef is determined by tvabofa. Firstly it should be
shallow enough for the design waves to break orrébeé Secondly it should be deep
enough to ensure the safety of surfers.

With regard to the first factor, the submergencdapendent on the design breaking
wave height and the breaking condition. Assumingriical breaking condition of
Hp= 1.3h, which gives the smallest breaking depth, the srgence of the reef with,
for example, a 2.0 m design breaking wave heightSam.

Concerning the second factor, it is a known faat the water depth during backflow
under the wave trough can be very shallow and ¢le¢ may even become emerged
(‘suck dry’). However, surfing is a sport that ihves risks. Surfers know that and most
of them develop their own way to see if they camf su certain section safely.
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Nonetheless, safety should be considered in thgymdeBor diving in pools, FINA
(International Federation of Swimming) regulatiosisggest 1.8 m as an acceptable
depth for submergence (Corbettal, 2005). But surfers tend to fall off their boards
rather than dive vertically, reducing both the tept the dive and the risk of serious
injury (e.g. damage to the neck and spine). Thet &nd the physical experiments
conducted by Corbett and Tomlinson (2002), in whiehwater depth above a reef with
certain submergence was investigated for differgave heights, led to the design
choice that submergence should be deeper thaneigndwave height in deep water.
As an example, if the design wave height is 1.5h@ minimum submergence for safety
would be 1.5 m. The sucking dry phenomenon is flyblaard to prevent completely,
especially with high waves at low tide. Experiensggh the Narrowneck reef has
indicated that, with a submergence of 1.5 m, thestccontainers ‘sucked dry’ during
larger wave conditions (>2 m) at low tide (Jacksinal, 2005). In specific design
studies numerical simulations will be needed tafyéir and for what wave heights this
phenomenon occurs.

It should be noted that the design wave height #red corresponding design
submergence mentioned above are for low tide, Isectis tidal level gives the critical
submergence. But many coastal zones have tidaitaoms] so the influence of the tide
on the peel angle should not be neglected. To figas this influence on the peel
angle, calculations assume a tidal level 1.5 mdrnighan that in Table 3.1a) and b), so
the submergence is now 3.0 m and the depths gl#tlorm are 5.5 and 6.5 m. Table
3.2 show the values of the peel angle obtained.

Table 3.2 - Peel angles for a reef with a submergef 3.0 m and reef start at depths of 5.5 mrid)@5

m (b).
a) Reef starts at 5.5 m depth. b) Reefsstdr6.5 m depth.
T\H 1m 2m 3m 4m T\H 1m 2m 3m 4m
6s * * * _ 6s * * *
10s * * * 46.5 10s * * * 41.4
14s - * 423 511 14's - * * 44.5

Bold values =wave breaks on the reef
* = waves go over the reef
X = wave has already lerokr breaks on the beginning of
the platform
= rarely existing wasenditions at west coast of Portugal

From Table 3.2 it can be seen that in both casepdlel angles are high enough for
both amateur and professional surfers, but the svélvat break over the delta have an
Ho of 3-4 m. However, by refraction and shoaling, lfaeon the reef will be even higher
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than 4 m. These wave heights cannot be surfed tigrsuwvith skill levels 3 and 4. In
conclusion, it can be said that higher tidal lewslake surfing impossible for most
amateurs. The tide also influences the breaker ltypeffecting the breaker wave height
over the delta. Consequently, a guideline woulddopay attention to the fact that just
one tidal level can be the ‘design’ level if thefres designed for a certain category of
surfers.

The minimum submergence and the minimum neededtefghe reef for surfing,
together with the distance offshore of the reef] Hre slope of the sea bottom have a
large influence on the effectiveness of a reefemms of creating surfable waves. The
slope of the sea bottom, the minimum submergendetlan distance from the base of
the delta to the shoreline will determine the hemfithe shore side of the reef. In order
to verify achievement of the minimum height needed surfing, some calculations
have been performed.

Table 3.3 shows the values of the reef heighthatshore side for a reef with a
submergence of 1.5 m, a distance from the badeeadé¢lta to the shoreline of 175 m, a
distance from the apex of the delta to the shagetin250 m (see section 3.5 in this
chapter) and different slopes of the sea bottonthicase the cross-shore length of the
delta is 75 m.

Table 3.3 - Reef heights for different bottom skpe

Distance from

1:25 1:50 1:75 1:100
shoreline (m)
175 (base delta) 55m 20m 0.8 m 0.3m
250 (apex delta) 8.5m 3.5m 1.8m 1.0m

A height of 2.0 m at the base of the reef is hexepted as the minimum value for
surfing. This is less than the value of the exanpiesented in section 3.2 in this
chapter, where the minimum height was 2.5 m, bex#us reef will be higher further
seawards where the wave rays that reach the ethe o¢ef start.

Table 3.3 shows that the minimum slope value foildmg a multifunctional
artificial surfing reef that functions properly 1s50, because then the minimum height
of 2.0 m is reached at the base of the delta.glaform is chosen in the design, the
intersection of the platform with the bottom, asamsequence of the chosen minimum
height, gives a figure of 50 m under the seawart giathe delta. It is preferable for
surfers to make the ride from the seaward crestte@flelta up to the base of the delta.
Some simple refraction calculations can give amcatén as to whether the wave rays
at the shoreward intersection of the platform dredreef still reach the crest of the delta
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(Figure 3.4). Numerical simulations have to be @aried to confirm these simple
calculations.

Wave ray

Offshore direction

Figure 3.4 - Wave rays reaching the crest delta.

3.5 THE HORIZONTAL DIMENSIONS

The horizontal alongshore dimension depends oretingth of the local coastline to
be protected. The cross-shore dimension of thedegénds on the design length of the
ride, which is the length of the breaker line a¢ @ the sides of the reef (Figure 2.30).
This dimension is limited, however. As mentionecthe state of art, Ranasinghe and
Turner (2006b) found that the principal mode of reline response to submerged
structures can vary from erosive to accretive, ddpg on the offshore distance to the
structure (Figure 2.5). Based on these resultsredigiive empirical relationship is
proposed as a preliminary engineering tool to @&sdbg shoreline response to
submerged structures. This relationshifgi#SZW> 1.5, wheres, is the distance from
the apex of the structure to the undisturbed sh@elndSZWis the natural surf zone
width. The distanc&, should clearly not be too large, because the teffieihe structure
on the morphodynamic processes adjacent to theelgi®mwill start to decline with
increasing values.

3.6 THE SLOPE OF THE REEF STRUCTURE

A surfable wave for amateurs should be plungingnost spilling. Based on
experimental results with a 1 m wave height, Harer)(2004) found that the inshore
Iribarren number¢,, should be between 0.6 and 0.9 to get surfableesiaVhese are
plunging waves with relatively small inshore Iriker numbers (see Table 2.4). Some
calculations using linear theory have been perfdrrfa different wave heights to
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analyze which slopes will cause waves to break plsirgging breaker type. Figure 3.5
shows the inshore Iribarren numbers for a slopat (the wave meets) varying from 1:6
to 1:18, a wave height at breakpoint varying fronmo 4 m and a wave period of 10 s.
As can be seen, only a few combinations of slopk wave height give a plunging
breaking wave in the surf range.

25
2 +
eHb=1m
- *
15 " . mHb=2m
* 1 )‘( - . AHb=3m
Surf range ; : . v .« xHb=4m
0.5 S S S
) % %
0 T T \
0 5 10 15 20
1/ tan a

Figure 3.5 - Surf range.

The values of, that lie in the surf range (given by HenriquezQ£0are for slopes

between 1:8 and 1:18, as can be seen in Tabldt3#ould be pointed out that the
theory used is linear and that the surf range ®@h®to 0.9 m was found in experiments
for a wave height of 1 m (prototype) at the wavekenaand here it is applied to a wave
height range of 1 to 4 m at the breakpoint. Howgeitetloes give an indication as to
what combination of reef slopes and breaking wasights give surfable waves. Based
on this indication an initial slope of the reef da@m chosen to start with in numerical
simulations.

Table 3.4 - Inshore Iribarren number for differslupes and wave heights in the surf range.

Tana Hp (M) $p
1:8 4 0.79
2 0.89
1:10 3 0.73
4 0.63
2 0.74
1:12
3 0.61
1:14 2 0.64
1:16 1 0.79
1:18 1 0.70
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If for example the breaking wave height is 2 m, dlesign choice of the side slope of
the delta structure could be 1:10 because with dlupe it can be expected that the
design breaking wave heigliy, of 2 m experiences slopes between 1:10 and hid4 a
that, consequently, the breaker type lies in tliEramnge. This will have to be confirmed
with numerical simulations for each specific segebmetry and wave conditions.

The design choice for the slope at the shorewadldbéthe delta structure and for the
slope of the platform at all sides should be as &svpossible, in order to keep its
volume smaller.

3.7 CONCLUSION

As a result of a theoretical study, a preliminagsign, achieved step by step, is
proposed for a multi-functional artificial reef ma§ use of the theory and the state of
the art. The proposed reef geometry is used amlimlesign in the numerical and
physical tests, which are executed to analyze #padaty of a multi-functional reef
breakwater to protect a stretch of the northerrsicofPortugal and increase the local
surfing possibilities. Wave focusing is not takimgo account in the formation of the
preliminary design. The main design parametersafdlFAR are the reef angle, the
height of the reef, the geometry of the reef, thiensergence of the reef, the horizontal
dimensions and the slope of the reef structureinfakto account the condition that the
proposed geometry will only function properly osea slope bottom of less than 1:50,
the main preliminary choices are as follows: thg@arppart of the structure is delta
shaped with an angle of 66° and a side slope @, lafid the lower part consists of a
platform whose slopes are as steep as possiblepddigon of the reef should be such
that the distance from the apex of the structurthéoundisturbed shoreline is greater
than 1.5 the natural surf zone width.
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4.INVESTIGATION OF MULTI -FUNCTIONAL ARTIFICIAL REEF
CROSSSECTION DESIGN PARAMETERS

4.1 INTRODUCTION

The optimal geometry for a multi-functional artifit reef is the geometry that
protects the local coastline and offers surfingspmbties in the best possible way
according to the local conditions. This investigatconcerns an optimal geometry of a
multi-functional artificial reef to be applied iha west coast of Portugal. Six parameters
have to be defined for an optimal geometry, as ioeetl before (see chapter 3, the
theoretical study):

the height of the reef;

the side slope of the reef;

the submergence of the reef;

the reef angle;

the geometry of the reef (with or without a platijr

the horizontal dimensions.

Three of them have mainly a 2DV behavirrZ): the height, the submergence and the
slope of the reef. For these parameters, somesalaee suggested, namely:

the height of the reefy_reef, to be equal to 0.2%%, beingL,, the local wave length

at the start of the reef;

the submergence of the regfto be equal to the design wave height;

the seaward slope of the regfreefto be 1:10.
This chapter treats the confirmation of those \alfmr the wave and bathymetric
conditions at the west coast of Portugal, wherectse study, the coast of Leirosa, is
located. For that, a 2DV physical and numericatigtwas done focusing on the breaker
type regarding surfing.

The situation in Leirosa is currently especiallynarable. A frontal dune that runs
from the groin of Leirosa till almost the mouthExXtremal stream is totally destructed.
This has caused a retreat of the coastline angurtaat risk (Lopeet al, 2003):

a) the agglomerate of Leirosa, which situationasyet critical, but it has to be kept

an eye on;

b) the emissary of urban wastewater of the agglateeran Leirosa, which extends
parallel to the coast, to the south, and that isneoted to the emissary of
cellulose factories;

c) the pressure chamber of submarine emissaryllafase located about 1 km south
of Leirosa.

A fragment of the dune in front of the pressurenchar of the emissary was partly

strengthened in 2005, using bags of geotextiledilivith sand on a length of about 120
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m as described in Chapter 1. This has been doeestfirms that occurred in February
2001 which affected especially this zone and thiitl@ad to a gradual and dangerous
weakening in the next years. Although the resofutsd the large vulnerability of this
zone by the construction of a groin south of tHeulmese emissary is considered, such a
heavy protection structure is not planned in th®©RJlegally development plan of the
coast). The research of this thesis is a contobutd the implementation of a solution
for Leirosa, along a very sensitive coastal fragntleat is shown in Figure 4.1.

Figure 4.1 - View from the air with Leirosa at tio@, pressure chamber of the emissary in the mialade
the part of the dune in front of the pressure chamtiiat was partly repaired in January 2006 (Arguoee
Carmo).

The bottom slope of 1:50 is used, since it is @arable value for the centre of the
west coast of Portugal. The design wave conditwrs@rfing is chosen in order to have
a good surfable wave and to be a common wave ¢ondit the Portuguese west coast.
For that, the wave regime near by Figueira da Bapitdoet al, 1999) was analyzed,
Figure 4.2. Figueira da Foz is situated near bydsai, the case study place, for which
the optimal geometry will be defined. In the futusathymetric and wave data at
Leirosa itself will be gathered.

From Figure 4.2, it can be seen that the wave hdighof 1.5 to 2.5 m and the mean
zero up-crossing periody, of 6 to 8 s are the most frequent. Based on thakses for
the regular design wave condition, a wave heightf 1.5 m is chosen and a peridd,
of 9 s. The period is chosen to be higher than 6 to 8 s, becaus&ytiseused here as
the characteristic value far Assuming a Jonswap spectrufg,is 1.25 timesl, (Goda,
1987).
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Figure 4.2 - Wave regime near by Figueira da Fapiidoet al, 1999).

In section 4.2 the physical study conducted to stigate the height of the reef and
the submergence is described. The physical tesiw/ sitearly the breaker shape,
however the parameters can not be varied thorougddgides that no data about the
exact position of wave breaking and the heighbhatireaking point were available from
the physical experiments. In order to fill this ggpmplementary studies were made
using a numerical model that solves the Reynoldsame Navier-Stokes (RANS)
equations, called COBRAS-UC (Garaa al, 2004), (COBRAS = Cornell Breaking
Waves and Structures, UC = University of Cantabfl&e investigation on the height,
the submergence and on the slope of the reef WtlCOBRAS-UC model is presented
in section 4.3.
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4.2 PHYSICAL STUDY

4.2.1 INTRODUCTION

The objective of the experiments is two-fold: taowl the breaker type over an
artificial reef with a smooth slope and to meassugace level elevations over a reef
constructed with an impermeable broad-crested stdedestructure.

These measurements provide a unique set of datayired one to estimate the
breaker type on submerged broad-crested breakwaittrss smooth slope. Besides that
the data provides the possibility to calibrate galidate numerical models. Particularly,
it will be possible to verify, for a submerged reeith a smooth slope, the
categorization of the Iribarren number presentetha literature (Battjes, 1974), that
was made for a single slope beach.

4.2.2 THEORETICAL FRAMEWORK

The term ‘breaker type’ refers to the form of a ttielpnited wave at breaking and
influences other breaking-wave properties. Althotlggre are several classifications of
breaker type, it is generally accepted that waveakbby spilling, plunging, collapsing,
and surging (Galvin, 1968; 1972). Section 2.2.Lmapter 2 gives more information
about the breaker types.

Smith and Kraus (1991) performed a laboratory stiadywaves breaking over bars
and artificial reefs. They constructed the bar afime plywood and tested six different
design seaward angles and four design shorewardesanghey tested several
combinations of shoreward and seaward angles dbahefive regular wave conditions
and three random wave conditions. They found forrdah profiles the following
transition values:

- surging or collapsing ifp > 1.2;
- plunging if 0.4 <% < 1.2;
- spilling if & < 0.4.

However, their results are for narrow crested iardif reefs and the influences of the
structure submergence, of the length of the slogk d the depth at the start of the
structure on the breaker type and on the Iribantenber were not studied.

Regarding the breaking behavior on artificial regith a smooth slope, just one
study has been conducted in a wave flume by Codedt Tomlinson (2002). They
performed a physical study for Noosa Main BeacAustralia on a permeable reef built
from geotextile sand containers to investigate thave breaking behavior and
associated safety issues for an artificial reele @halysis of the results of these tests
was especially focused on the breaker type, onbtkaker wave height and on the
breaker location as an indication for the safetyhef submerged reef. However, even
though several submergences were tested, no analfsihe relation between the
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breaker type and the corresponding Iribarren nunvbere made. Furthermore, the
influence of the length of the slope on the bredigee and the corresponding values of
the Iribarren number was not investigated.
In the present work, the transition values for satliyad broad-crested artificial reefs
will be determined taking into account the follogistructure characteristics:
- submergence;
- length of the seaward slope.

4.2.3 JUSTIFICATION OF EXPERIMENTS

The purpose of these experiments is, as referoeithvestigate the relation between
the breaker type and the submergence and the lerfdgtie slope of a broad-crested
reef.

Based on the Iribarren number, the breaker typethdse the same for the same
slope, the same offshore wave height (or breakereweight) and the same period.
However, as indicated by the physical experimeatslacted by Henriquez (2004), the
submergence has also an influence on the breager Besides the submergence, it is
expected that the length of the slope of the redifalso have an influence on the
breaker type. This expectation is based on thetlfiattthe wave will develop differently
when the slope has a difference in length duefterdnce in shoaling.

To investigate the influence of the length of tleefrand the submergence on the
breaker-type, different tests were made with:

a. the same wave conditions, the same submergencditiaebnt lengths of the

slope;

b. the same wave conditions, the same length of tlupesland several

submergences.

4.2 4 EXPERIMENTAL SET UP

Physical model tests were made in one of the LNH{Dwe with the following
dimensions: 73.0 m long, 3.0 m wide and 2.0 m dfde model was operating
according to Froude’s similarity law, with a geonescale of 1:10.

Two geometries (low and high geometry), with a&iee built on concrete, were
tested with two different values for the lengthtioé seaward slope. Figure 4.3 shows
the flume: the left picture is in the directiontble wave maker and the right one in a
direction contrary to the wave-maker.
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Figure 4.3 - LNEC's flume used for the tests.

The seaward slope of the resf,reef was constant and equal to 1:10. This is a
regular value for the side slope of a multi-functbatrtificial reef. The shoreward slope
should be as steep as possible, 1:2 or 1:3.

In chapter 3 is mentioned that the minimum lendtthe reef, in order to get a good
surfable wave, is 1/4 times the local wavelengtsd®l on this assumption the length of
the low geometryl.s, was chosen to be 19 m in prototype scale. Fohitje geometry
the length of the reel,s, was twice the value for the lower geometry: 3éhmprototype
scale. As a consequence the height of the heegef is for the low geometry 1.9 m and
for the high geometry 3.6 m in prototype scale.

The length from the wavemaker till the start of tbeeshore is 18.2 m in prototype
scale. The slope of the foreshoseis 1:50. The length of the foreshote,init, for the
low geometry is 240 m and for the high geometryas m, all in prototype scale; this is
at least 1.5 times the wavelength at the wave mfakezach depth tested. The height of
the foreshoreh_fore is for the low geometry 4.80 m and for the higloigetry 3.10 m
in prototype scale. Based on that and on the namihsrgences, the water depth at the
wave maker was defined and varies from 9.1 m ahian/.in prototype scale. The width
of the reef,L;, is 75 m, in prototype scale. This value is atsieane time the
wavelength. Consequently, it was determined forpaliods tested and for the water
depth at the start of the deepest reef (larger suipemce) tested for the high geometry.
Figure 4.4 shows the geometry parameters of tfe Table 4.1 and Table 4.2 show the
values of the geometric parameters in the modelrapdototype scales.

1S
—» h
h_reef I s reef © L, Wave
maker
el non |
-~ 4+ »
L_init L_fom

Figure 4.4 - Geometry parameters (not scaled).
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Table 4.1 - Values of the structure parameterhémtodel scale.

. h_reef L. h_fore h L_init L_fore
Case Material - s_reef s S Le (m - i —
m |- m [ | m | ™ | )
1 0.19 1.90 0.48 0.75 - 24.2
Concrete 1:10 1:50 7.5 ’ 18.2
2 0.36 3.60 0.31 0.91 155

Table 4.2 - Values of the structure parametersatopype scale.

. h_reef L L h_fore L_init | L_fore
Case Material - S c - h (m — —
m | m|m| om | "™ | m
1 1.90 19.0 4.80 242
Concrete 75 75-91 182
2 3.60 36.0 3.10 155

The low geometry is shown in Figure 4.5 and Figdi®@ The high geometry is
shown in Figure 4.7 and Figure 4.8. Figure 4.6 Bigiire 4.8 show the slope of the
structure in black.

Figure 4.6 - Low geometry (slope of the structraiblack).
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Figure 4.7 - High geometry.

Figure 4.8 - High geometry (slope of the structari black).

4.2.5 TEST CONDITIONS

For each tested reef geometry 51 experiments weareuted, corresponding to 17
combinations of different values of the wave heightd the submergence. Each wave
height was tested for three different periods. Etedt lasted 320 seconds, which
corresponds to, at least, 100 waves.

The selection of the submergence values was basdteofollowing. In order to
guarantee breaking, a depth smaller thar-H}j8was assumed to be necessary
(Kaminsky and Kraus, 1993), where the height ofwilaee at breakingid, was chosen
to be at minimum 1:H,n Humis the wave height at the wave maker. For mostewav
heights a submergence of Ot:8*was tested. However, in order to see if waves with
larger submergences than that will also break, seae heights have been tested with
submergences of (G, + 0.04) m and (0:81, + 2-0.04) m. Table 4.3 shows the test
conditions.
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Table 4.3 - Test conditions (model scale).

Hum(m) S(m) h (m) T(s)
0.08 0.75
0.10 0.12 0.79
0.16 0.83
0.08 0.75
0.12 0.79
0.15
0.16 0.83
0.20 0.87
0.12 0.79
2.52,2.84,3.16
0.16 0.83
0.20
0.20 0.87
0.24 0.91
0.16 0.83
0.25 0.20 0.87
0.24 0.91
0.20 0.87
0.30
0.24 0.91
0.35 0.24 0.91

4.2.6 INSTRUMENTATION

It was the primary purpose of this experimentataesh to obtain accurate images of
the breaker type. In each test the breaker type captured by video techniques. A
video camera recorded the breaker type of the brgakave. On the windows a grid of
10 cm by 10 cm was made to help the measurememts fram the videos.

Also 8 wave resistive type gauges were mounted rderoto measure surface
elevation at several positions along the wave flumestly positioned in the breaker
zone. The data collected will provide mainly waweght records, but it can also be
used to obtain mean surface displacement (setdpise}. Two sensors, gauge 1 and
gauge 2, remained throughout the experiment abwase location close to the wave
paddle, for control and repeatability tests. Anot@uge was located in the beginning
of the foreshore slope and another in the beginafripe reef. The remained 4 gauges
were mounted in the breaking zone. All tests wepeated with these 4 gauges, 0.5 m
moved in the direction of the end of the channelthiat way at eight positions, 0.25 m
from each other, in the breaking zone the timeesedf the surface elevation were
acquired (Figure 4.9).
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Figure 4.9 — Schematic representation of the gaalges) the channel.

4.2.7 RESULTS

The results, in what concerns to the mean wavehheig front of the paddle,
obtained in the tests with the high and low geoyne®re not the same. However, since
the goal of the experiments was to see the inflaeicthe length of the reef and the
influence of the submergence, comparison of thakaetypes was made by comparing
the results of the breaker types with the sameurédm number ranges. From all videos
in which the wave breaks in the window, a pictuféhe breaker type was made after
around 2 min of tests, which is about 30-40 wadepending on the period used in the
test. These pictures were selected into 5 categofithe Iribarren number: smaller than
0.6, from 0.6 to 0.8, from 0.8 to 1.0, from 1.0 X® and larger than 1.2. These
categories were made to analyze the breaker type comveniently. All pictures of the
breaking waves are presented in annex | accordirthd Iribarren number in such a
way that different lengths of the reef and différembmergences can be compared
easily. If there are pictures of a wave in the windwith almost equal Iribarren
numbers for the same submergence and differentiemg the reef they are put besides
each other. If no equal Iribarren number could daenfl for the other tested length, the
spot besides the picture is kept empty in Anndr the picturesHn, is the mean wave
height, T, is the mean wave period in the wave gauge at 5flom the wave maker
(gauge 1)Sis the submergence alrdis the Iribarren number.

Based on the test results, some conclusions fdr eategory can be made and are
presented hereafter, together with two comparictupes for different reef geometries
with the same submergences that illustrate theltsestill breaking waves analyzed
here, are plunging. Due to the fact that all wavapgs are plunging it is not possible to
draw a conclusion regarding the influence of tmgte of the reef and the submergence
on the wave shape according to the categorizatiddatijes (1974). However, within
each mentioned category of smaller than 0.6, fraént® 0.8, from 0.8 to 1.0, from 1.0
to 1.2 and larger than 1.2 differences can beiedtif

For Iribarren values larger than 1.2 no comparisam be made because there is just
one picture of a breaking wave for the low geometry
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Iribarren number < 0.6

ForIr < 0.6, no comparison can be made for differenceulmmergence on the wave
shape. However, for the difference in the lengththaf reef, the wave for a low reef
geometry,h_reefis 0.19 m, is better for surfing due to the largpace in the tube.
Regarding the breaker position is, in case of tlgh lyeometry and for the same
submergence, about 30 to 40 cm more towards thefetiet seaward slope of the reef
compared to the low geometry. Figure 4.10 showdtbaker type for the low and high
geometries, and a submergence of 0.24 m.

Height reef = 0.19 n " Height reef = 0.36 m ||

Hm=026 mMTmr=2.44sS=024m Ir = 0.5¢ || Hm=0.31mTm=252s S=0.24 mIr =0.57 ||

A :'f*"-'mﬂ,!'m:'WME;Q"

Figure 4.10 - Breaker type for low and high geomstrand for an Iribarren number smaller than 0.6.

0.6 < Iribarren number < 0.8

For 0.6 < Ir < 0.8, the higher the submergence thedwave height, the better the
tube is for surfing. No significant difference cdube notified in the wave shape
comparing the low and high geometry. It could béifieal that in case of the low
geometry the most waves with a large wave heidht are tested with a large
submergence of 0.20 and 0.24 m, break already dehar reef starts. Regarding the
breaker position is in case of the high geometrytlie same submergence about 30 to
40 cm more towards the end of the seaward slopgheofeef, compared with the low
geometry. Figure 4.11 shows the breaker type feddiv and high geometries, and for
the submergence of 0.16 m.
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Height reef =0.19 m || Height reef = 0.36 m "

HmM=0.18 mTm=2.52s S=0.16 m Ir =0.75 || HM=0.23mTm=2.84sS=0.16 mlIr =0.7¢ ||

Figure 4.11 - Breaker type for low and high georestrand for the Iribarren number between 0.6 add 0

0.8 < Iribarren number < 1.0
For 0.8 <Ir < 1.0, the breaking wave with a submergence & @@not seem to be

good for surfing due to the small space in the tithmvever, a submergence of 0.12 m
and higher do give a good tube for surfing, alsorfave heights of 0.15 m. This means
that the safety submergence of 1.50 m gives sitdgbreaking waves for surfing. No
significant difference could be notified in the wveashape comparing the low and high
geometry. Regarding the breaker position, againase of the high geometry for the
same submergence more towards the end of the skalogre of the reef compared
with the low geometry, about 20-30 cm. Figure 4shaws the breaker type for the low
and high geometries for a submergence of 0.20 m.

Height reef =0.19 m " Height reef = 0.36 m "

Hm=0.24 mTmr=3.16 sS=0.20 mir = 0.8 Hm=0.23mTmr=3.16sS=0.20m Ir = 0.8¢

Figure 4.12 - Breaker type for low and high geomstrand for the Iribarren number between 0.8 a@d 1

86



Chapter 4 Investigation of Multi-Functional Artifad Reef Cross-Section Design Parameters

1.0 < Iribarren number < 1.2

For 1.0 <Ir < 1.2, like the previous category, again the brepkvave for a
submergence of 0.08 does not seem to be goodifiimg due to the small space in the
tube. About the higher values of the submergenagsnnmuch can be concluded.
Regarding the breaker position, for the high geoynietis more towards the end of the
seaward slope of the reef, compared with the loangdry. Figure 4.13 shows the
breaker type for the low and high geometries, amdfsubmergence of 0.12 m.

Height reef =0.19 m || Height reef =0.36 m "

Hm=0.08 mTm=252sS=0.12m Ir =1.09 Hm=0.13mTmr=3.16sS=0.12 m Ir = 1.0¢

Figure 4.13 - Breaker type for low and high georestrand for the Iribarren number between 1.0 a@d 1

4.2.8 PRELIMINARY CONCLUSION

From the physical experiments, it can be concluteat the wave breaks in a
plunging way in most of the cases. The length efrédef does not have an influence at
all in the cases that were tested. However, thensuence has an influence. Most
shapes are good to surf, however for a submergerficde88 m the tube of the breaking
wave is not very good for surfing due to a laclspéce in the tube. Furthermore it can
be concluded that a submergence of 1.60 m (praéctgple) gives, in most cases, still a
good breaking wave for the design wave height 0 In, which means that the safety
submergence of 1.50 can give good shape of th&ibhgewaves for surfing.

4.3 NUMERICAL SIMULATIONS

To get more insight in the breaker type and inghbsition of breaking simulations
for the prototype scales and for several heighthefreef, numerical simulations with
COBRAS-UC (Garciaet al 2004) were made for several submergences andaseve
slopes.

The physical study treated in section 4.2 has shinahthe breaker type gets better
when the submergence is larger than 0.12 m and Wieewave height is larger than
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0.10 m; it also shows that a submergence of 1.6(@nototype scale) gives, in most
cases, still a good breaking wave for the desigreweight of 1.50 m.

To confirm these results, numerical simulationgpiototype scale were made for
three different wave heights and, to confirm thegslof 1:10, several slopes were also
tested with COBRAS-UC. The design wave has a 1Wwawe height and a period of
9 s, as referred before. These conditions providerput values for the geometry that
is tested in the 2DH simulations. Numerical simola¢ were conducted and results are
shown in chapter 6.

4.3.1 NUMERICAL MODEL

By taking the RANS equations, Let al (1999) presented a two-dimensional, in the
vertical plane, numerical model COBRAS, to describe flow inside and outside
coastal structures. H®t al (2002) extended the preliminary model by inclgdanset
of volume-averaged k-turbulence balance equations. The movement ofdueface is
tracked by the Volume of Fluid (VOF) method. COBRAS is a new version of the
model developed at the University of Cantabriartheo to overcome some of the initial
limitations and especially to convert it into altém practical application. Most of these
modifications in the new version COBRAS-UC haverbéaunded on the extensive
validation work carried out for low-crested struetsi (Garciget al, 2004; Losadat al,
2005, and Lareet al, 2006a) and wave breaking on permeable slopes @iaal,
2006b) carried out with the model. The improvemecdser the wave generation
process; code updating and refactoring; optimipagmd improvement of the main
subroutines; improvement of input and output d&indion and the development of a
graphical user interface and output data procegsiograms, Losadet al (2008).

4.3.2 SIMULATIONS

4.3.2.1THE HEIGHT OF THE REEF

The height of the reef is the first parameter tartlvestigated because the first thing
that has to be known is the length of the reefrohento guarantee that it is enough to
get the wished breaker type. Two reef heightseef(Figure 4.14) have been tested at
first:

h_reef=1.90 m, like in the physical experiments,

h_reef= 3.90 m, a little higher than in the physical esxments in order to have a

broader range of heights.

As referred before, the submergence is 1.50 mlamglope of the reef has been chosen
1:10. Figure 4.14 shows the geometry tested andeTéld presents the geometry
parameters and the wave conditidngsa IS the wavelength at the source.
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¢ Minimal T*L; i )

T 7.50 m s _yéef h_reef \
Z 150 —— "7
v

Figure 4.14 - Height of the reef: Geometry tested.

Table 4.4 - Height of the reef: Geometry parametedswave conditions.

h_reef(m) s_reef S(m) H (m) T(s)
1.90
1:10 1.50 1.50 9
3.90

From Figure 4.15 and Figure 4.16, it can be seahwith h_reef1.90 m a spilling
break is formed and with a reef height of 3.90 piuanging break is formed. Since for
surfing a plunging break is preferred, a third dation is conducted in order to be able
to see if a plunging break can be got with a smalght, namely 3.20 m. The results
of the breaker shape are shown in Figure 4.17.

Figure 4.17 shows that still a plunging break isrfed with a height of the reef of
3.20 m. Because of that, a height of 3.20 m is eh@s the value for the height of the
reef to use in the 2DH simulations in chapter edght of 3.20 m means a length of
the reef of 32 m; this value is about half the Wergth at the start of the reékegin reef
(59 m). So a length of the reef of OLB%gin_reeriS assumed to be the minimal value that
Is necessary to form a surfable wave.
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Figure 4.15 - Wave shape on the reef with a he§it90 m (after 62 s, wave 3).

Figure 4.16 - Wave shape on the reef with a ha§Bt90 m (after 62 s, wave 3).
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Figure 4.17 - Wave shape on the reef with a ha§Bt20 m (after 62 s, wave 3).

Figure 4.18 shows the calculated wave height,in several points on the reef for all
three tested reef heights, in prototype scale.rBigul9 shows the corresponding values
of the breaker heightH), the breaker height divided by the offshore wiéneeght
(Hw/Ho) and the breaker parametgyh,. From these two figures, it can be seen that all
breaker height#l, and all relationdHy/Hp are almost the same. The breaking point is
like in the physical experiments more seawardase®f the lower reef.

It was expected that the higher the reef would Hee higher the parametéty/h,
would be, as this value is higher for a relativigisge slope than for a relatively small
slope (Komar, 1998), and the large slope is lomygerienced when the height of the
reef is larger. Figure 4.19 shows théh, is significantly larger for the reef with a
height of 3.20 m than the one with a height of In@0rhe value for a reef with a height
of 3.90 m is again somewhat smaller, but not much.
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Figure 4.18 - Height of the reef: Wave height depetent on the reef.
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Figure 4.19 - Influence df_reefon the values dfl,, Hy/Ho, andHy/hy.

4.3.2.2THE SLOPE OF THE REEF

The slope of the reef_reef is the second parameter that will be investigated
because, by safety reasons, the submergence oédhés restricted to certain values.
The geometry and the wave conditions are shownguaré 4.20 and Table 4.5. Figure
4.21 to Figure 4.24 show the shape of the breaking for these four cases.

¢ Minimal 1*L; i, )

$S
7.50 m s reef I h_reef
Tz 1
A 4

Figure 4.20 - Slope of the reef: Geometry tested.
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Table 4.5 - Slope of the reef: Geometry parametedswave conditions.

s_reef h_reef(m) S(m) H (m) T(s)
1:6
1:10
3.20 1.50 1.50 9
1:14
1:18

Figure 4.21 - Wave shape on the reef with a slddet(after 62 s, wave 3).

Figure 4.22 - Wave shape on the reef with a slddel® (after 62 s, wave 3).
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il

Figure 4.23 - Wave shape on the reef with a slddelal (after 91 s, wave 6).

Figure 4.24 - Wave shape on the reef with a slddel8 (after 62 s, wave 3).

Figure 4.21 shows that a breaker shape close gingpis formed with a slope of 1:6.
Figure 4.22 and Figure 4.23 show that a plungingfable wave is formed with both
slope of 1:10 and 1:14. Figure 4.24 shows thatiliirgpbreak is formed and tries to
break like plunging at first but is not able toofr the results that are shown in Figure
4.21 to Figure 4.24 it can be drawn the concludioat indeed the wave should
experience a slope between 1:10 and 1:14, likedanrchapter 3. Because of that, a
slope of the three-dimensional reef that will beted in 2DH (Chapter 6) is 1:10. Figure
4.25 shows the wave height in several points onréleé for all four tested slopes.
Figure 4.26 shows the values of the breaker hdidk)t the breaker height divided by
the offshore wave heighH(/Ho) and the breaker parametdr/h,. From these two
figures it can be seen that all breaker heighgsand all relation values dfl,/Hy are
almost the same. However, the breaking point gees/drom the top of the reef the
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larger the slope gets. The breaker parantétéy, decreases when the slope of the reef
gets smaller. So these data confirm the result€omhar (1998) that the factddy/hy
grows when the slope gets relatively larger.

—x —s_reef=1:6 a —s_reef=1:10 ° s_reef=1:14 s_reef=1:18
25 30
[ ]
s *adAxx
e A ; A T 25
2.0 a4t o X \
\
R — XX X x ° i/x\x 120
15 ° \A
£ ‘\ /§ x {15E
A /A
T 10 AN | A\:/li(*x ™
A .° A?‘BX,,]_O
0.5 // 15
0.0 ‘ ‘ ‘ ‘ ‘ 0
250 260 270 ZPO 290 300 310
X (m)

Figure 4.25 - Slope of the reef: Wave height dgwelent on the reef.
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Figure 4.26 - Influence of_reefon the values dfl,, Hy/Ho, andHy/h,,.

4.3.2.3THE SUBMERGENCE OF THE REEF

The submergence of the ree, is the third parameter that is investigated. In
contradiction to the previous two cases, the ihitieight, h_init, varies in these
simulations. The geometry and the wave conditioasshown in Figure 4.27 and Table
4.6. Figure 4.28 to Figure 4.31 show the shapthefbreaking wave for these four
cases.
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¢ Minimal T*L; s )

h_init

$S
s_yeef Ih_reef
1

\

Figure 4.27 - Submergence of the reef: Geomettgdes

Table 4.6 - Submergence of the reef: Geometry petensiand wave conditions.

S(m) h_init (m) h_reef(m) s_reef H (m) T(s)
0.8 6.8
1.2 7.2
3.20 1:10 1.50 9
15
2.0

Figure 4.28 - Wave shape on the reef with a subemeeyof 0.8 m (after 63 s, wave 3).
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Figure 4.29 - Wave shape on the reef with a subemegyof 1.2 m (after 63 s, wave 3).

Figure 4.30 - Wave shape on the reef with a subemeeyof 1.5 m (after 63 s, wave 3).
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Figure 4.31 - Wave shape on the reef with a subemeeyof 2.0 m (after 63 s, wave 3).

The wave shape with a submergence of 1.50 m e8lins very good; so concerning
both the wave shape and the safety, a submergeune o the design wave height is
chosen. Figure 4.32 shows the wave height in skpeiats on the reef for all four
tested submergences. Figure 4.33 shows the valuése doreaker heightH), the
breaker height divided by the initial wave heighi/Ho) and the breaker parameter
Hy/hp. Figure 4.32 shows clearly that the breaking pggs more towards the end of
the shore as the submergence gets smaller. Tieisaistly like expected. Figure 4.33
shows that the factdfp/h, is almost the same for all tested submergences.
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Figure 4.32 - Submergence of the reef: Wave helglielopment on the reef.
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Figure 4.33 - Influence & on the values dfl,, H,/Hy andHy/hy.

4.4 CONCLUSION

From both physical and numerical 2DV simulatioriated to the breaker type, it can
be concluded that, for the wave condition testee,design wave height of 1.50 m will
give a good surfing wave for a submergence of lm56rom the numerical tests, initial
values of several parameters for the simulation®H, carried out in chapter 6
‘Optimal geometry of the multi-functional artifidiaeef’, were determined: the height
of the reef will be 3.20 m, the seaward slope bl 1:10 and the submergence will be
equal to the design wave height of 1.50 m.
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5.NUMERICAL M oODEL COULWAVE

5.1 INTRODUCTION

The knowledge of the characteristics of the flosoagated with currents and surface
waves, as well as its dependence to the bathyrmaeulythe geometry of the coast, is
important in the design of coastal protection dtrites like groins, breakwaters and
artificial reefs.

Until around 1980 linear models were used to siteukthe effect of refraction
produced by the variation of the depth in the diogcof the propagation of the wave
and to simulate the effect of diffraction produdsdthe gradient of the amplitude along
the crest of the wave. However, as they are basethe linear theory, those models
should not be used in shallow water.

Several factors have contributed to the possibiifyusing more complete and
complex mathematical models nowadays. Not onlyodidtheoretical knowledge of the
involved physical phenomena evolved, but also tinmerical methods are used more
efficiently nowadays. Above all, since the begimnof the 1980s, a significant growth
of the processing capacities and storage of games of information took place.

In the first phase the models of the Saint-Vengoe tvere mostly used. However, in
shallow water conditions and for certain types cdves, models based on non-
dispersive theories, of which the model of the B¥ienant is an example, are limited.
They do, in general, not give good results for Igegiods of analysis. Besides that in
real applications, it is important to have in caesation the effects of the gravity
waves, inclusive the processes of refraction, altition, reflection, swelling and
breaking of the waves, as well as the wave-wave waagte-current interaction
processes. The models of the Saint-Venant areeldn#nd are not usually able to
compute satisfactory results over long periodshalysis.

Only models of ordegs” (= wavenumber times deptkhj, in whichh is the water
depth andk = 2z/L, is the wavenumber, being the wavelength) or greater, of the
Boussinesq or Serre types, are capable to repradeasonlinear and dispersive effects
resultanting from the propagation of waves in svallvater conditions with enough
accuracy. The conventional Boussinesq equationge@fee, 1967), which make use of
a quadratic polynomial approximation for the veatittow distribution, have two major
constraints: (1) The depth-averaged model poorseriees the frequency dispersion of
wave propagation in intermediate depths, and (2) wleakly nonlinear assumption
limits the largest wave height that can accuratedymodeled. These constraints are
consistent with the fundamental assumption of tbesBinesq equations, which states
that leading order dispersion and nonlinear effactsof the same order and are weak,
i.e., O(y,) =0(g,) << 1, with &, = amplitude over depthafh). The dispersive

properties of the conventional Boussinesq equatiave been improved by modifying
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the dispersive terms (Madsen al,1992) or using a reference velocity at a specified
depth (Nwogu, 1993). These techniques yield afsegwations whose linear dispersion
relation can be adjusted such that the resultingernmediate-depth dispersion
characteristics are close to those of linear wheerty. Liu (1994) and Waidt al (1995)
extended Nwogu’s approach to highly nonlinear wawks/eloping models that not
only can be applied to intermediate water depthaltad are capable of simulating wave
propagation with strong nonlinear interaction, i.g, :O(l). In general, these
mathematical model contain accurate linear dispergproperties tokh =~ 3. In
intermediate depths, nonlinear properties tendlabé larger relative errors than linear
properties (Madseet al, 1998), although additional enhancements can thdeeate
accurate nonlinear characteristics to near thatiaecuracy limitkh ~ 3 (Kennedyet
al., 2000). Further enhancing the deep water accuwhtye depth-integrated approach
is the so-called high-order Boussinesg-type eqnatidhese high-order models use
fourth, and higher, order polynomial approximatio@sbbiet al. (2000) used a fourth-
order polynomial and developed a model with exoellmear dispersive properties up
to kh = 6. Nonlinear behavior was faithfully captured kb ~ 3. With the drastic
improvement in accuracy over previous model equaticomes a significant
computational increase as well. The fourth-orddyrmmmial employed results in fifth-
order spatial derivatives in an extremely complgxagion system, requiring an equally
complex numerical scheme. Madsenal. (1998) and Agnoret al. (1999) derived
model equations with even higher order polynompgraximations. The highest order
of spatial differentiation in these model equatiomsreases linearly with the order of
the polynomial approximation. Additionally, the cplexity increases again for a two-
horizontal dimension (2HD) problem, for which ngimorder modeling attempts have
yet been made.

All these developments have the objective to extdred application of classical
Boussinesq type models to the propagation of wéwees intermediate waters till the
breaking zone. In this thesis, the Boussinesq-typeel COULWAVE is used. This
model uses, for relative higkh numbers, a different approach to obtain a higleord
spatial approximation for the vertical distributiai the flow field; two quadratic
polynomials are used, matched at an interface dhatles the water column in two
layers.

The model consists of a set of equations, derivegibcewise integration of the
primitive equations of motion through an arbitramymber, N, of layers. Within each
layer, an independent velocity profile is determdin@/ith N separate velocity profiles,
matched at the arbitrary interface of the laydrs, resulting set of equations will have
2N-1 free parameters, allowing for an optimizatwith known analytical properties of
water waves. The one-layer model is equivalent e twell-studied “extended”

104



Chapter 5 Numerical Model COULWAVE

Boussinesq model, which is accurate upkio= 3. The optimized two-layer model
shows good linear behavior up tdkla of 8, while second-order nonlinear behavior is
well-captured tkh values near 6.

The multi-layer concept has been attempted prelyidugs Kanayameaet al. (1998),
although the derivation and final model equatiomscuite different from those used in
COULWAVE. Green & Naghdi’'s (1976) approach is ofteermed “directed fluid
sheets”, however there is also little similarity ttee method used in COULWAVE.
Their approach employs an arbitrary number of galtshape functions to describe the
vertical profile of the flow field. All of the shapfunctions exist throughout the entire
water column, which is different from the piecemaahtching of vertical profile
segments done in COULWAVE. Internal and stratifiev modelers often employ a
multi-layering concept, although the layers areagisvlayers of different density and
thus represent a different physical problem than dhe used in COULWAVE. See
Lynettet al (2002) about details of the multi-layer usedha model..

A high-order, predictor-corrector, finite-differemaiumerical algorithm is developed
for the one- and two-layer models. Included inrnhenerical code is a parameterization
of bottom friction and wave breaking (see sectighband 5.4.2), as well as a moving
boundary scheme to simulate wave runup and rundseensection 5.4.3).

Considering one layer only, the corresponding nmatiteeal and numerical models
that are the base of the model COULWAVE are preskit section 5.2 and 5.3. See
Lynettet al (2002) for details about the two-layer mathenaticodel.

5.2 MATHEMATICAL MODEL FOR ONE-LAYER
Defining the parameters, = 0.u, and T, = 0.(hu, ) + (1/£)(@h/dt), the model uses
the following approach for the continuity equati@alculation of the values of ), in

non-dimensional variables (Lynett and Liu, 2002):

1o, 0
3.3, 13 2 2,2 _p2
_,UZD{‘E C6+h _& +2h)k1 }Dsl {—g Cz h —(£c+h)k1}DT1}(1)

where [ = (0/0x, d/oy) the horizontal gradient vectoh,= water depthg = surface

elevationt = time,u;= horizontal velocity vectok = wave number times depth and
amplitude divided by depthk, =a,h+5,¢, a, and B, are the coefficients to be

defined by the user. The index 1 means one-layeleimo
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For the equation of conservation of momentum, atsoon-dimensional variables,
the following approach is decided (calculationle tomponents of the velocity).

ou, , 0 | k?
L+ gu,.Ou, +0¢+ p? —4 208, +k,0T,
at 1 1 C lu Gt{Z S.I. 1 1
2
+ gy{(ul.mkl)ml +k,0(u, 0T, ) + k, (u,.0k, )OS, +k7l D(ul.DSl)}
)

2
4 £,L1{T1DT1 - D(c%ﬂ s ,uZD(cSlTl - %‘Z—? - cul.Dle

+ eZuZD{‘—; (s2 —ul-Dsl)} =ofu*)

The horizontal velocity is given by:

2 2

-k
U, =u, _IUZ{Zi—ZlDSL +(21 _kl)DT1}+O(ﬂ4)
with z, = -0.531.

This one-layer model, often referred to as thelyfabnlinear, extended Boussinesq
equations” in the literature (e.g. Wei & Kirby, 9has been examined and applied to
a significant extent. The weakly nonlinear versioh (1) and (2) (i.e. assuming
0O(&) = O1P), thereby neglecting all nonlinear dispersive ®rwas first derived by
Nwogu (1993).

Nwogu, through linear and first-order nonlinear lgsis of the equation model,
recommended tha = -0.53h, and that value has been adopted by other reszarch
using these equations. Nwogu’s model was extendetfutl nonlinearity” by Liu
(1994) and Weet al. (1995). There are some discrepancies betwees hind Wei &
Kirby's derived equations, which can be attributeda neglect of some nonlinear
dispersive terms in Wei & Kirby (Hsaio & Liu, 200Z)he above one-layer equations
(1) and (2) are identical to those derived by L1i894).

5.3 NUMERICAL MODEL FOR ONE-LAYER

A finite difference algorithm is used for the gesmlepne- and two-layer model
equations. The structure of the present numericaeahis similar to those of Wei &
Kirby (1995) and Weet al. (1995). Differences between the model presengézd, tior
the one-layer system, and that of W¢ial exist in the added terms due to a time-
dependant water depth and the numerical treatnfesdroe nonlinear dispersive terms.
The equations are solved utilizing a high-ordedpter-corrector scheme, employing a
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third order in time explicit Adams-Bashforth pretdicstep, and a fourth order in time
Adams-Moulton implicit corrector step (Prestsal, 1989). The implicit corrector step

must be iterated until a convergence criterioratssBed. The equations (1) and (2) are
dimensionalised for the numerical model, the dinmre equations are equivalent to
the non-dimensional ones witlhk = =1 and the addition of gravity,g, to the

coefficient of the leading order free surface datiie in the momentum equation.

To simplify the predictor-corrector equations, tocity time derivatives in the
momentum equations are grouped into the dimensforal:

k2_<.2

U=u+ u,, + (k= ¢)(hu),, = ¢ [cu, +(hu), ] (3)

kZ_CZ
2

V=v+

+(k=¢)hv),, - ¢, lov, +(v), ] 4)

where subscripts denote partial derivatives. Fasoas of stability and less iterations

required in the process of convergence, the ncalitime derivatives, arisen from the
nonlinear dispersion terms|¢(0(hy, ), +h,/¢)] and D[(CZ/Z)D.UMJ, can be

reformulated using the relation:

DHD(hua)t +%H = D[{D(hua)+%ﬂt - D{Q(D (hua)+%ﬂ
o[ Som = Sou, | -oleaon, )

The predictor equations are:

=gl A; (23En 16Eif}"1+5Eif]‘2) (6)
Uit =Uj +£(23F” -16F,7 +5F7%)+ 2 (R -3 (R) + (R ()
V=V + 2 (298] -1667 +56] )+ 2 (6.)) -3 ()] + (@) ®)

where

~llc+ )] ~[(c+hM,

=-h -
{c+h 2_ch+h?)- %kzjsx{%(c—h)-kjl}
) 2

¢+h c —¢h+h?)- k2j8y+(%(c—h)—ijy}
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F= _%[(uz)x + (Vz)x]_ 9¢, —kh —kh,
+(En +¢h,), ~[E(¢S+T)], —B(kz -¢?)(us, +V3y)}
k- vt ] - Hr+esy]

CZ_kZ

F, = v,, — (k=) (), + ¢, [ev, +(hw), ]

= _%[(uz)y + (Vz)y]_ 9¢y ~ khytt B kfhyt

+(EN +chy), ~[E(cs+T), -E(kz -¢*)lus, +vsy)}

y

lk-Qu+v ] Sl ey,

C2_k2

G, =
! 2

u, ~(k=¢)(hu), +¢,[cu, +(hu),]

and
S=u,+v, T=h +(hu), +(hv)y

All first order spatial derivatives are differencedth fourth order fx* =Ay*)
accurate equations, which are five-point differencg®econd order spatial derivatives

are approximated with three-point centered finiifecence equations, which are

second order accurate.
The fourth-order implicit corrector expressions tioe free surface elevatiog,, and

horizontal velocitiesy andv, are:

et = +%(9Eif}+l +19E" —5E" +E!?) 9)

Ut = + 2 or M+ 10F —5E ™+ F2)+ (F) - (R 10
i T iy a ij ij ij ij 1/ij 1/ij ( )
ntl _\/n At n+l n n-1 n-2 n+l n

Vi,j _Vi,j +a(96i,j +196i,j _SGi,j +Gi,j )+ (Gl)i,j - (Gl)i,j (11)

The system is solved by first evaluating the predigquations, them andv are
solved via (3) and (4), respectively. Both (3) éafyield a diagonal matrix after finite
differencing. The matrices are diagonal, with a badth of three (due to three-point
finite differencing), and the efficient Thomas algom can be utilized. At this point in
the numerical system, we have predictors oy u and v. Next, the corrector

expressions are evaluated, and ageamdv are determined from (3) and (4). The error
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is calculated, in order to determine if the impglicorrectors need to be reiterated. The
error criteria employed is a dual calculation, aeqguires that either
n+l n+1

W P D lw

w | “100 3

n+l

W,

n+l _

max|

n+l <£& (12)

w

In these expressions represents any of the variables u andv., and w;, is the

previous iterations value. The value of the erraeisto107®.

Linear stability analysis performed by Wei (199Biao (2000) and Woo (2002)
show thatAt < Ax/(2c) to ensure stability, whereis the celerity.

5.4 ENERGY DISSIPATION MECHANISMS

Two forms of physical dissipation are consideredthia numerical model, wave
breaking and bottom friction. These mechanisms ngatd# momentum equation:

ou,
ot

+...+tR; -R, =0 (13)

where R, accounts for bottom friction dissipation am®| for wave breaking. The

evaluation of these two additional terms are disedsn 5.4.1 and 5.4.2.
5.4.1 BOTTOM FRICTION
Bottom friction is described in the quadratic form:

f
R :Wublubl (14)

wheref is a bottom friction coefficient, typically in theange of 18 to 10° (e.g.

Whitfor and Thorton, 1996; Kobayaslet al, 1997), depending on the Reynolds
number and seafloor conditiorl = h + ¢ is the total water depth, and, is the

horizontal velocity at the seafloor.
The above expression (14) has been utilized in ammmodels (e.g. Cheat al,
1999) and has a direct correlation to the Chez¥ficamnt, C. This relationship is:

=3 (15)

where g is gravity.
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5.4.2 WAVE BREAKING MODEL

One of the most significant obstacles in the wagefeloping a practical numerical
model with depth-integrated equations is wave brnepklhere exist three reasons that
constitute major problems with wave breaking in tHeptegrated models (Lynett,
2002):

A depth-integrated model, by definition, can onfvé a single elevation value of the

water-air interface at any horizontal coordinated #hus phenomena such as wave

overturning cannot be simulated.

Along the same lines, very strong horizontal vdgtictypically accompanies

breaking, which an irrotational or weakly rotatibreodel will not capture.

Most depth-integrated derivations use as an ingsalumption inviscid flow (those in

this thesis included), and therefore do not hawenae@ans to dissipate energy.

The first reason given, that of the impossibility sanulating wave-overturning, is
the only unapproachable one of the three. Thus, ilit always be necessary to
parameterize the large-scale features of wave lmgakhen using depth-integrated
equations. Two distinct approaches to simulating dffects of wave breaking with
depth integrated models exist: numerical dissipaéind ad-hoc addition of dissipative
terms to the momentum equation. Numerical dissipapproaches most notably
include shock capturing schemes. In these schegnesgy dissipation is related to the
local smoothness of the solution, which is of ceustrongly related to the gridlength
near the shock. Most recently, Li and Raichlen 20@sed the weighted essentially
non-oscillatory shock capturing scheme, adaptewh fgas dynamics research, to model
solitary wave run-up. The results presented in Id Raichlen are excellent, among the
best numerical-experimental comparisons to dateh \&hock capturing methods, the
numerical results tend to be very smooth. Howeube dissipation is entirely
numerical, and although the general form of theidative terms may be of the proper
physical form, the dissipation will inevitable belated to the grid length and time step.
Utilizing post-derivation-added dissipation ternasthe momentum equation removes
this dissipative dependence on numerical parametEwever, these added terms are
ad-hoc terms, and will contain coefficients thatsinioe obtained based on comparison
with experiment. Whether the numerical or ad-hopraach is more desirable will
depend entirely on the individual preference ofrdmearcher. In this thesis, the addition
of ad-hoc dissipation terms is employed, as iffisimple implementation and efficient
to avoid numerical dissipative and dispersive enbarents/errors whenever possible.
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Breaking Scheme and Validation

The breaking scheme employed in this work closelpyies the scheme presented in
Kennedyet al (2000). Description of this particular breakirdpeme can also be found
in Chenet al (2000), which is a companion paper to Kennetlal The scheme is
developed from an "eddy viscosity” approach, wheeneser defined formulation for an
eddy viscosity is developed based on agreement @xgferimental data. The eddy
viscosity is part of a momentum conserving ad-hissigative termR, =R,,i + R, j.
R, and R, are computed by (see also Lynett, 2002):

Re i b))+ b, svmu) ] | ao)

Ry = ) L b ) L an

where v = BHg¢, is the viscosity, bein® a variable that ensures a smooth transition

between breaking and non-breaking statesHarc + ¢ is the total water depth.
For the few differences between the breaking motiglennedyet al (2000) and the
model used in COULWAVE, see Lynett (2002).

5.4.3 SIMULATING WAVE RUNUP & RUNDOWN

Wave propagation using depth-integrated equatien:iaw well simulated and
understood, but the process of runup and rundowmois Shoreline boundaries may
move significantly under the temporal influenceirafident waves. A numerical model
should be able to take into account such variatameectly in order to obtain realistic
flow patterns. Researchers generally use a fixad, dmite differences or finite
elements methods to solve depth-integrated equatidsing a fixed grid numerical
model to solve a moving boundary problem can leadifficulties related to the loss of
mass conservation and instabilities in the compartat(Leendertse, 1987) as a result of
imposing discrete fixed increments to the extenvefting and drying areas (Balzano,
1998). To reduce the computational instabilitiesrndee wet-dry interface, some
researchers added bottom friction into the momerggoations. However, a numerical
model should be stable even without using bottaatidin dissipation. Zelt (1991) used
a Lagrangian form of the Boussinesq equationsrtaulsite shoreline movement. This
model produced maximum runup values that compamrdtdwith experimental values,
but the shape of the wave as it traveled up theesthd not compare as favorably. A
handful of others have utilized Lagragian technguath depth-integrated equation
models to simulate a moving shoreline (e.g., PeaathNassehi, 1996; Gopalakrishnan,
1989). Another treatment of moving boundary problénemploying a slot or
permeable-seabed technique (Tao, 1983). The figlicagion of the permeable slot
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with a Boussinesg-type model (Madsetnal, 1997) yielded runup errors on the order
of ten percent of the maximum. Modifications hawei made to this permeable slot
technique (Kennedgt al., 2000), increasing the accuracy, but it was slsmwn that the
empirical coefficients that govern the technique nat be universally determined, due
to numerical stability problems (Chest al, 2000). In this section, a new moving
boundary treatment for wave propagation modelsrésgnted. The moving boundary
algorithm is conceptually simple, easy to implemamid can be employed by different
numerical schemes (i.e., finite differences anddirlements) utilizing depth-integrated
equations. The moving boundary technique utilizesdr extrapolation near the wet-dry
boundary, thereby allowing the real boundary larato exist in-between nodal points.
See further Lynett (2002).

Moving Boundary Algorithm

The development of the moving boundary algorithms@néed began with a search
for a scheme that allows for the wet-dry boundasyekist at any location, not
restrictively at a node on a fixed grid (Lynett, 2D00One method of achieving this is
through dynamic regridding, using a Lagrangian apph. Methods such as this have
been used in finite difference and finite elemeonlmear shallow water (NLSW) and
Boussinesq equation models (e.g., Petera and Nad€86; Zelt, 1991). Lagrangian
moving boundary techniques require numerical fldixyh in terms of utilizing
constantly changing space and time steps, to béemgnted in conjunction with a
Eulerian-type model. This flexibility is not presentthe current numerical scheme, and
is difficult to achieve due to the nature of thguieed high-order derivatives, and so a
different approach is developed. Owing to the d$igant number of derivatives
calculated by the one-layer numerical model (~5@0x), it would be advantageous if
the moving boundary scheme did not require any ebrspecial treatment of the
derivatives near the wet-dry boundary (i.e., fodyabackward, or low order finite
differences). To require, for example, directiondfedences at the boundary leads to
abundant conditional statements, making the progriagn tedious and the runtime
longer. Therefore, the five-point centered finitéfatences that are employed in the
numerical model are desired to be used at all lmesit including those points near the
shoreline, where neighboring nodes may be dry. Whitis in mind, the moving
boundary scheme will employ a linear extrapolatbfree surface displacemeqt,and
velocity components); andv,, from the fluid domain, through the wet-dry bounda
and into the dry region. Kowalik and Bang (1987¢gmnted a similar approach of
employing a linear extrapolation into the dry regitbased on Sielecki and Wurtele’s
(1970) earlier developments. Their model uses afiempscheme to approximate the
Nonlinear Shallow-Water Wave (NLSW) equations, atmited to one-dimensional,

112



Chapter 5 Numerical Model COULWAVE

non-breaking problems. Lynett (2002) extended ttieaito two horizontal dimension
breaking problems, using a high-order numerical @hodn extrapolation through the
wet-dry boundary permits this boundary to exisb@tween nodal points. Figure 5.1
gives a numerical example of how the extrapolatsoperformed in a one-dimensional
problem, showing a solitary wave interacting with:20 slope.
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Figure 5.1 - Runup and rundown of a solitary wawvieere extrapolated nodes are shown by the dots
(Lynett, 2002).

The free surface locations that are determined usimg one-layer governing
equations, (1) and (2), are shown by the solid, limkereas the linearly extrapolated
points are shown by the dots. With extrapolatedeslof{ and velocity components in
the dry region, solving the model equations at nagtes can proceed. When solving the
model equations, five-point centered differences amployed to approximate the
spatial derivatives. Although no derivatives ariegiated at dry (extrapolated) points,
the physical values of free surface and velocityhatse points are used to evaluate
derivatives at neighboring wet-points. The deternomaof the location of the wet-dry
boundary is performed once per time step, immelgiatter the predictor step. The
moving boundary technique is numerically stablej does not require any additional
dissipative mechanisms. See further Lynett (2002).
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5.5 LABORATORY DATA

For both section 5.6, the comparison between thal s;d the parallel version, and
section 5.7, the calibration, the experimental ltesof Poort (2007) are used. In this
work detailed laboratory measurements of surfaegagilon and velocities around the
reef were conducted. The used bathymetry is showgimre 5.2.

15

10

Y (m)

0 5 10 15 20
X (m)

Figure 5.2 - Bathymetry of the experimental setup.

All tests were done with bichromatic waves, 1 anda@d the following wave
conditions:

Water level: 0.40 m;

Wave height: = H, =0.04 m;

Frequency of wave 13 £ 0.4714 Hz;

Frequency of wave 2; £ 0.4086 Hz.

With a water depth of 0.40 m and the used freq@snthe wavelength of the first
wave is 3.95 m and of the second wave is 4.64 m.

5.6 SERIAL AND PARALLEL VERSIONS

5.6.1 INTRODUCTION

Implementations of COULWAVE model to calculate fregface wave evolution in
large basins are, in general, computationally weqyensive, requiring large amounts of
CPU time and memory. For large scale problems, déither not affordable or practical
to run on a single PC. To facilitate such extenss@mputations, a parallel
COULWAVE model was developed by Sitanggang and Ly{&05) using the domain
decomposition technique in conjunction with the sage passing interface (MPI). The
published and well-tested numerical scheme usedhbyserial model, a high-order
finite difference method, is identical to that eoyd#d in the parallel model.
Parallelization of the three-diagonal matrix systenctluded in the serial scheme is the
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most challenging aspect of the work, and is accahetl using a parallel matrix solver
combined with an efficient data transfer schemembBitical tests on a distributed-
memory supercomputer showed that the performandbeoturrent parallel model in
simulating wave evolution is very satisfactory.idelar speedup is gained as the number
of processors increases. The tests showed thatRhketighe efficiency of the model is
about 75-90% (Sitanggang and Lynett, 2005). COULWAVYparallelized using the
domain decomposition method, where each processdorms the same operations.
The parallel algorithm is identical to its serialuaterpart, based on an iterative
predictor-corrector scheme also requiring a thriegahal solution for each iteration.
The model test indicates that both the validity #mel performance of the model are
excellent. However, the performance of the mode} tma further improved if a more
efficient parallel three-diagonal solver is empldyeSuccess at parallelizing
COULWAVE will allow for large domain simulation wHicis not possible to run on a
single PC due to limited memory size and large aaatpn time. This parallel model
provides the future opportunity for large wave-tesm simulations in the nearshore,
with global domains of many million of grid pointspvering O (100 krf) and greater
basins. Additionally, real-time simulation with Bsminesq equations becomes a
possibility.

5.6.2 APPLICATION OF BOTH THE SERIAL AND PARALLEL VERSIONS

The input that one has to give to the program ibath the serial and the parallel
versions almost the same. In both versions thetigpd is interpolated by the program
depending of the number of grid points per wavdlertbat is given as an input. The
grid that the program uses is always regular, 8 whhnole domain. The time step is

calculated by the value given for the Courant nunasean input. The Courant number
C, should always be smaller than 0.5, which is given

C, =%@ (5.1)
X

When the option of inserting an internal sourceised, the location of the source
should be given from the right boundary of the gmomayer. Regarding the wave
gauges that record the surface elevation and tlegities inx andy directions at every
time step, the position that has to be given iseteht in the serial and the parallel
version. In the parallel version the position of thave gauges has to be given as the
distance from the right boundary of the spongerlaydere, the left boundary of the
sponge layer is the left boundary of the grid. He serial version the position of the
wave gauges have also to be given from the righinbary of the sponge layer,
however in this version this is the left boundafyh@ input grid.
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In order to compare these two versions regardiegngeded CPU time simulations
for the geometry in a basin, which will be used tfog calibration of COULWAVE in
this chapter, have been made. The bathymetriebdosdrial version and for the parallel
version are not exactly the same, because in thal sersion the sponge layers are
added by the model to the input grid and in thelparversion the sponge layers are put
in the input grid by the model. The bathymetry foe parallel version is schematically
shown in Figure 5.3 and the bathymetry for the ateversion in Figure 5.4. The
bathymetry for the parallel version is wider, nayn2ltimes the width of the sponge
layer, one layer at the right and one at the ldf.Besides that, the grid for the parallel
version is five cells larger around all boundariescause the five last grid cells at all
boundaries of the grid that one uses as inputdrptbgram are used as ghost boundary
cells to enforce the boundary conditions. The plasiecall is put inside these ghost
boundary cells. In the serial version this is rfeg tase. More information about the
formation of the grid is given in section 5.7.2.

Included 5 ghost cells

Included sponge laye
ZL
X

Figure 5.3 - Cross-section A-A in Figure 5.2 forglkel version.

Added sponge layer 4—/‘\
z[ l/
X

Figure 5.4 - Cross-section A-A in for serial versio

The conditions in the simulations are the same dkdrnaboratory data of M. Poort
(2007), section 5.4). The sponge layer has a wmfthl.25 times the smallest
wavelength, so this is 4.93 m. The grid size is ¥519, so the 5 ghost cells are together
0.9875 m.

For this thesis a workstation has been used fosithelations. The characteristics of
the workstation are CPU — Dual Core AMD Opteron 2é6%rocessors), memory — 8
Gb, SPECfp_rate2000 = 54.7. Simulations have beate méh both the serial and the
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parallel model to investigate the differences inUCEBme (see Table 5.1). It has
appeared that in the workstation no division in xhdirection could be made (Figure
5.5). Therefore only divisions in the y-directionveabeen made, like demonstrated in
Figure 5.5 (right).

Pri
Pri Pr3
Pr1 Pr2 | Pr3 Pr 4 Pr 2
Pr3
y Pr2 Pr4 Pra
x | no output of model no output of model model gives output

Figure 5.5 - Division irx-direction (left), in both directions (middle) amdin y-direction (right), Pr =
processor.

Table 5.1 - CPU time needed with both the seridl@arallel versions.

CPU time needed

Serial version 4 hours, 37 min
Parallel version — 1 processor 4 hours, 55 min
Parallel version — 2 processors 2 hours, 33 min
Parallel version — 3 processors 1 hour, 55 min

As can be seen in Table 5.1 the serial version bhadparallel version with one
processor need around the same amount of CPU ainakit can also be seen that the
more the grid is divided in the parallel versioe tass CPU time is needed. Due to the
fact that the parallel version is the most recason of the code of COULWAVE, it
was decided to use the parallel version. Mostlg 3 processors were available to run
simulations in the workstation. Table 5.1 shows thas more interesting to run 3
different simulations at the same time, each omeguk processor (total time 5 hours),
than to run 3 simulations in sequence with 3 preaes(total time 6 hours). Because of
that, the choice was made to use for the simulatibe parallel version without
division.

5.7 CALIBRATION

The influence of relevant parameters on wave prdpagaand breaking will be
investigated for the significant wave height. Thevev&eight in different points of the
domain for several values of the relevant pararsetaf be compared with the wave
height obtained in the laboratory. As significarawe height is not totally appropriate to
analyze a bi-chromatic wave, the spectra will Is® @ompared.

In the parameterizations of the model several patars can be varied:
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.. Bottom friction (see section 5.4.1). Even thouglat tis written in section 5.4.1 that
this parameter typically ranges betweeit 20d 10, in the model the parameter can
be varied between T0and 10"

. Fraction of upwinded differences composing conwvecterms. Value 0 means no
upwinding and 1 means fully upwinding. Upwind sclesmuse an adaptive or
solution-sensitive finite difference stencil to nemcally simulate more properly the
direction of propagation of information in a floveld. The upwind schemes attempt
to discretize hyperbolic partial differential egoas by using differencing biased in
the direction determined by the sign of the chamstic speeds.

m. Yes or no implementing of a wave breaking modee (section 5.4.2). When the
wave breaking model is implemented, five parametette code of the model can
be changed. These parameters are treated in sBCTi@n

Besides that, an analysis will be done on the @mfae of the input bathymetry and of

the grid on the model results.

5.7.1 BATHYMETRY

A comparison of the bathymetry has been made bedmek after running the
program. Both options smoothing and not smoothengehbeen selected in two different
simulations. Figure 5.6 shows the bathymetry beém@ after running the program for
two values ofy (see also Figure 5.2 for the location of §yxgalue). The changes in the
bathymetry are considered to be unacceptable, easvéive height is 0.04 m and the
difference in submergence at the offshore sidéhefreef is about 0.02 m. Because of
that the option ‘not smoothing’ is chosen. It appéano stability problems were created
due to this choice.

-0,05

_O’l 7

-0.15 Y ——y=13.8 m (before run)
-0,2 A / ——y=13.8 m (after run)

-0,25 ——y=13.4 m (before run)
0,3 //

-0,35 -
-0,4

'0,45 T T T T
10 12 14 16 18 20

z (m)

——y=13.4 m (after run)

X (m)
Figure 5.6 - Bathymetry comparisons with and withemoothing option.

5.7.2 GRID MODEL

In the physical experiments (Poort, 2007), xrdimension of the basin is 25 m (see
Figure 5.2) and at x = 0 in the basin three pistcave makers, generating uni-
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directional shore normal incident waves, were plaiteone line and were linked to
operate synchronously. For the wave maker there avascond-order wave paddle
steering system with no reflection compensatiorhiie the wave maker porous rocks
were present to diminish reflection of the genetataves.

For the numerical simulations a grid was createith wie source at x = 10 m, so the
total x-dimension of the grid is 35 m (Figure 5.7). Therseuvas situated at x = 10 m
in order to have space at the left side of the@itor the sponge layel.5x%L ) and
for the wave generatiorlOx L ).

For this calibration it is important to simulateetbxact dimensions of the basin as
the reef was positioned at one side of the basiinagthe wall. In order to obtain the
simulations with the exact dimensions, the inputhiaetry domain was made
artificially 5 cells larger at the side boundardkge to the five ghost cells. One grid cell
has a dimension of 0.1975 m, so at both sides @6uh was added in the input grid.

source

0 5 10 15 20 25 30
X (m)

Figure 5.7 - Bathymetry for simulations with COULWAE.

The greater the number of points per wavelengthenstaible the simulation is. The
grid size is determined by dividing the minimum wkngth to the number of grid
points. The width of the boundary layer is caloethby 1.25 times the wavelength of
the first wavelength that is given as input. In [Eab.2 the estimated CPU time needed
is given for several numbers of grid points per @amgths. The time is rounded to
whole hours. The other parameters are all the same.

Table 5.2 - Comparison of CPU time needed for sgwarmbers of grid points per wavelength.

Number of gridpoints per CPU time needed
wavelength

20 5 hours

30 17 hours

40 39 hours

50 80 hours

60 190 hours

70 Program doesn’t run
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Table 5.2 shows the characteristics of the simutatror the calibration, a minimum
of 20 points per wavelength was chosen to sparellation time. The grid size is
0.1975. This means that the maximum error in locatof a certain gauge for
comparison is less than 0.10 m; this value is foaoceptable for comparison of the
time series.

Table 5.3 - Characteristics of the simulation.

Simulation time 600 s
CPU time needed 4.5 hours
Number of gridpoints per 20
wavelength
Courant number 0.10
Grid size 0.1975m
Time step 0.01s
Total number of gridpoints 12616

5.7.3 INFLUENCE OF THE PARAMETERS

For the study of the influence of the parameterdobo friction and fraction of
upwind differences, one wave gauge from the lalboyadata of Poort (2007) shown in
Figure 5.8 is selected (coordinatesy of 21.79, 3.72, respectively). This gauge was
chosen, due to its good position to study the arfte of the several wave propagation
parameters. The acquisition of the surface elematiothe laboratory was done with a
frequency of 100 Hz. The value of the significamvwe height obtained in the laboratory
in this gauge is 0.074 m for the gauge shown imf€id.8. For this investigation on the
influence of the parameters the one-layer optiothefmodel was selected.

15

10

Y (m)

0
10 15 20 25 30

X (m)

Figure 5.8 - Wave gauge location to investigatepdi@meters influence.
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Preliminary results

Before starting with the investigation of the irdhce of the parameters, time series
and spectrums of the surface elevation and of ¢éhacity in the x-direction measured in
laboratory are compared with results of COULWAVEs A first approximation,
simulations were conducted with an eddy viscosit®.6, a bottom friction coefficient
of 0.01 and an upwind fraction coefficient of 1. laboratory, the velocity was
measured at 0.5 times the water depth; in the malelvelocity is obtained at= -
0.53%h. Figure 5.9 compares time series of the surfaeyvadibn simulated by
COULWAVE with laboratory data. As can be seen, time series are very close.
Figure 5.10 compares the spectrum of these timiessefhis figure shows that the
spectrum is very close. A small difference is tthet peaks at both periods are more
narrow and higher in the laboratory measurementsyever, the position and the
energy of the superharmonics is almost the same.
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Figure 5.9 - Laboratory and Coulwave time seriesusface elevation.
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Figure 5.10 - Spectrum of time series shown in FEgu9.
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Figure 5.11 shows time series comparisons betwelatity results of COULWAVE
and laboratory data in the x-direction. Aside a lsrddference between the groups

velocity in this gauge, which seem to be greatehénlaboratory than in COULWAVE,
the general results are acceptable.

Q Zj S “ &m ) iy ) h,
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Figure 5.11- Time series of the velocity in x-difen for the gauge presented in Figure 5.8.

|. Bottom friction

To investigate the influence of the bottom frictidime values of are varied between
0.0001 and 0.01. The calculated significant wavghts can be seen in Figure 5.12.
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Figure 5.12 - Influence bottom friction on the sfgrant wave height.
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Figure 5.13 to Figure 5.16 show the energy spdoirdhe different values of the
bottom friction coefficienf. From Figure 5.12 it can be seen that the sigaitiavave
heights for the several values of the bottom foictin COULWAVE are very close.
Figure 5.13 to Figure 5.16 can be seen that theggrspectra of COULWAVE are also
almost the same. As can be seen, the energy sgeatnathe laboratory and from
COULWAVE model are similar for all values of thettwm friction with the energy
peaks exist at the same frequencies. The onlyrdiite is that the energy peak of the
smallest frequency is little narrower and highartlas in the laboratory. Because the
results are so close, the default value of 0.@hasen for the bottom friction for further
simulations.
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Figure 5.13 - Energy spectrum for bottom frictioQ@D1.
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Figure 5.14 - Energy spectrum for bottom frictioQ@L.
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Figure 5.15 - Energy spectrum for bottom frictioQ@b.
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Figure 5.16 - Energy spectrum for bottom frictio1

II. Fraction upwind differences

To investigate the influence of the fraction upwihtferences, the values are varied
between 0 and 1. The calculated significant wavghtge can be seen in Figure 5.17.
Figure 5.18 to Figure 5.22 show the spectra for diiferent values for the fraction
upwind differences.
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Figure 5.17 - Influence upwind fraction on the #iigant wave height.
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Figure 5.19 - Energy spectrum for upwind fractiod5)
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Figure 5.17 shows that the significant wave heidbtsthe several values of the
upwind fraction are also very close with a maximdifference of 10%. As in the
variation of the bottom friction, also energy spacdf COULWAVE for the different
values of the upwind fraction are very close to $pectra obtained for the laboratory
results. The same pattern in the energy spectru@QIILWAVE compared with the
laboratory can be seen as with the bottom frictés the results are so close, the most
stable option for the upwind fraction and the onat tpresented the closest agreement
with the experimental data, namely 1, is choseriudher simulations.

Il. Breaking model

In the breaking module of the code four parametarsbe changed; dzdt_I, dzdt_F,
T star and delta_breaking. The default valuesHerdifferent parameters are shown in
Table 5.4. Nine cases were run to see the influehtigese parameters, see Table 5.5.

Table 5.4 — Default values of the breaking paramete_cis sqrt(9.81H_total), H_totalis h+ ¢.

Formula Default value
Dzdt_| 0.65*co_c 0.65
Dzdt_F 0.08*co_c 0.08
T star 7*sqrt(abs(H_total/9.81)) 7
Delta_breaking - 6.5

Table 5.5 — Tested values of the breaking parameter

Parameter changed Value
Case 1 No Default values
Case 2 Dzdt | 0.25
Case 3 Dzdt | 1.05
Case 4 Dzdt F 0.04
Case 5 Dzdt F 1.12
Case 6 Delta_breaking 2.5
Case 7 Delta_breaking 10.5
Case 8 T_star 3
Case 9 T_star 11

The results of the selected gauges of the modehpaced with results from the
laboratory data of Poort (2007), are shown in Fegbi23. Figure 5.24 shows the wave
heights of the laboratory data and the resulthefctses run with COULWAVE. There
appeared no differences in case 1 and cases 3Qal9.case 2 gave slightly different
results. As can be seen, the results of cases 2 amd very close till 27 m; after this
distance the gauges from the laboratory give dlidtigher wave heights. The breaking
point however is in the same position.
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Figure 5.23 - Wave gauges on the experimental setup

Figure 5.24 shows the wave heights obtained inr&tboy data and 9 cases run with
COULWAVE. There appeared no differences in casesd 3 to 9. Only case 2 gave
slightly different results. This leads to the carsibn that the most important parameter
is dzdt_I. As can be seen, the results of casesdl2aare close till 27 m, after this
distance the wave heights in case 1 decrease rhareit case 2. The values of the
wave height in cases 1 to 9 are higher than inlaberatory till 25 m. However the
breaking point is almost in the same position. Vakies of the wave height in cases 1
and 3 to 9 after breaking are closer to the expantal results than case 2.
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Figure 5.24 - Wave heights in gauges from Figue85.

As the default values give the best results in ammspn with the laboratory wave
heights, there is chosen to set the breaking pdessen the default values.
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5.8 CONCLUSION

In this chapter, the influences of the bathymegrid definition, bottom friction and
the upwind fraction differences on the model resutgarding the wave height around
the domain were investigated. The energy spectmuntlae influences of the breaking
parameters on the significant wave height were stisdied. It can be concluded that the
default values of all investigated parameters gemy similar results with the laboratory
data of a flow around a submerged reef in a wasenk@&oort, 2007). Because of that, it
was chosen to set all investigated parameters emefault values for the simulations
carried out to investigate the design parametetseoMFAR.
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6. OPTIMAL GEOMETRY OF THE MULTI -FUNCTIONAL
ARTIFICIAL REEF

6.1 INTRODUCTION

In this chapter the optimal geometry will be desigrior the conditions at the west
coast of Portugal, especially the local coastlinefront of Leirosa. The optimal
geometry is investigated for a reef that will beogdor amateur surfers (skill 3-6, see
chapter 2), but that will be as interesting as fbssfor professionals too, so that
championships may eventually be an option. Becatiseat the peel angle is between
40 and 60 degrees and the breaker type is atdhsitiion of spilling and plunging (with
relatively low values ofy).

In chapter 3 six parameters of an MFAR have beentioeed that have to be
defined for an optimal geometry:

reef angle;

height of the reef;

geometry of the reef (with or without a platform);

submergence of the reef;

horizontal dimensions;

side slope of the reef.

In chapter 5 three parameters, namely the heigttieofeef, the submergence of the
reef and the seaward slope of the reef have beestigated and determined; the values
are summarized in Table 6.1.

Table 6.1- Geometry parameters defined previoiwsgg chapter 5).

Height of the reef 3.20m
Side slope of the reef 1:10
Submergence of the reef 1.50 m

This chapter treats the investigation of the patamsenentioned before (see chapter
4 that have a behavior in 2DH (x,y), hamely:

the reef angle;

the geometry of the reef (with or without a platfi)r

horizontal dimensions.

In order to investigate these parameters, simulataye executed with the calibrated
COULWAVE model (see chapter 5). The simulations executed with regular waves
and the incident angle of the waves is chosen teelbe degrees, since the point of the
crest will be directed toward the most common wdwection, giving the best surfing
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conditions. As the reef will be designed with twaats, namely coastal protection and
the increase of surfing possibilities, two waveditions will be tested:

Design condition for coastal protection (storm dtind): H=4.0 m,T =15 s.

Design condition for surfing (common conditiol):=1.5m,T=9s.

As it is expected that the reef angle, the evenpuasence of a platform and the
horizontal dimensions interact with each otheilisidecided to make the simulations
with variations of the reef angle considering af reth a platform and without a
platform. The horizontal dimensions vary automalycavith the variation of the reef
angle and the use or not use of a platform.

Like mentioned in chapter 4, the reef angle givighdst peel angles for 66 degrees.
However, in the determination of 66 degrees 2DH@f of wave focusing are not
taken into account. Besides that, with a lower raefle more local shoreline is
protected. Consequently, in this section, two eegfles are tested for both mentioned
wave conditions, namely 45 and 66 degrees.

6.2 SIMULATIONS

The numerical simulations to study the 2DH behawiothe hydrodynamics around
an MFAR have been done for eight cases, varyingegbgangle (45° and 66°) and the
use or not use of a platform, for the two mentionede conditions. Table 6.2 gives an
overview of the values of the parameters in th@selations.

Table 6.2 - Tested values of the parameters.

Case Reef angle (° Form of the reef H (m) T(s)
1 45 Triangle 4.0 15
2 45 Triangle 15 9
3 45 Triangle plus platform 4.0 15
4 45 Triangle plus platform 15 9
5 66 Triangle 4.0 15
6 66 Triangle 15 9
7 66 Triangle plus platform 4.0 15
8 66 Triangle plus platform 15 9

Figure 6.1 shows the reef parameters in the simuakatfor a reef without platform and
for a reef with platform.
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Figure 6.1 - Geometry simulations (left: withouathbrm, right: with platform).

Table 6.3 gives the characteristics of the simoretifor the different cases described
in Table 6.2. Cases 1, 3, 5 and 7 have a largértigain the cases 2, 4, 6 and 8 due to the
larger wave length. Due to this larger wave lenpgtth the plane bottom in the
beginning of the reef and the sponge layers argelgrsince the sponge layer is 1.25
times the wave length at the wave maker.

Table 6.3 - Characteristics of the simulations.

Cases 1,3,5,7 Cases 2,4,6
Simulation time (s) 600 600
CPU time needed (hours) 33 23
Numbs\:ac\)/fe?:::tcr)]mts per 58 32
Courant number 0.10 0.10
Grid size (m) 2.99 2.99
Time step (S) 0.025 0.025
Total number of gridpoints 196645 148740
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6.3 METHODOLOGY

6.3.1 COASTAL PROTECTION

For the analysis concerning coastal protection, viblecities around the reef are
analyzed. The output velocities of the model cqoesl to values at a depth 0.531
under the water surface. The velocity at this depthoy several authors, as Nwogu
(1993), taken as the depth representative of thwe 8nd was adopted by the authors of
the COULWAVE model. However, the mean current idetter parameter as an
indication for the sediment transport than the mealocity. For this purpose, i.e., to
obtain the mean current value, the numerical cddbeomodel has to be changed. The
velocity has to be integrated in the vertical anbsequently divided by the depth at
each point; this is a future task. In this workeevior the preliminary analysis of the
flow that could give an indication of the sediméransport, the output velocity at a
depth 0.53h under the water surface is used. In each gridpbmttime series of the
velocities in both th& andy directions are averaged in time. The two vectofs, in x
direction andv in y direction, are summed to get the velocity veatogach gridpoint, in
thex,y field. This velocity field gives an indication alttathe direction of the movement
that the sediment will have in the simulated cases.

6.3.2 SURFABILITY

In chapter 3 the theoretical study of surfabilipshbeen described. Three surfability
parameters were investigated, namely the breakghthehe Iribarren number and the
peel angle. In this chapter the same parameterbavdnalyzed. Furthermore the results
of the 2DH simulations with COULWAVE give the pdsisity to study the position of
the breaker line and the wave height around thie Bsdow the parameters that will be
studied are named:

Position of the breaker line and wave heights adate reef, which shows the wave

focusing;

Peel angle;

Breaker height;

Iribarren number, which indicates the type of thealking wave.

The steps for the computed analysis of the suifaiparameters are as follows:

1. A selection of a simulating area is made aroundré®é. And the model is run
with the incident wave characteristics presentedTable 6.2. The offshore
boundary is at least two times the wave lengthhatwwave maker and the side
boundaries are at least one time the wave lenggfuré6.2).
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Figure 6.2 - Simulation area.

2. In order to spare calculation time a small arearelthe reef is situated, is selected
for the analysis. This area is represented asttiped rectangle in Figure 6.3.

Figure 6.3 - Selected area around the reef.

Based on model results, for the selected area showigure 6.3 and for each grid
point, the maximum wave height,.« is calculated based on the time series of the
surface elevation that is an output of the model presented in a figure where the
wave focusing and defocusing can be analyzed. Tawe Wweight has to be calculated
because the model doesn't give the wave height asigout.

3. To find the point of breaking at the edges ofrinef the criteria adopted is that the
breaker height divided by breaker depth is 0.8paling to Sverdrup and Munk,
1946. For the tests to achieve preliminary guigsifsee chapter 3) a value of 1.1
was used, according to the results presented ini&ky and Kraus, 1993. However,
as the breaker height and the slope that the weyeriences on the reef vary along
the breaker line, it is chosen to use in this 2Dtdlgsis the original value of the
breaker parameter of 0.8.

4. Through the breaking point, a polynomial functitn created to get smooth
breaker line, see Figure 6.4.

135



Chapter 6 Optimal geometry of the Multi-FunctioAatificial Reef
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polynomial function

Selected area

Figure 6.4 - Polynomial function for breaker line.

5. For every found breaking point, it is defined:
The breaker wave height. Defined by the wave heigttie found breaking points
under point 3.
The inshore Iribarren number. The value of the sligptaken 1:10. The value of
the breaker wave height is taken like the one taed in the concerning grid
point and the value of the wave length offshoreatculated according to the
initial wave period.

The peel angle. The peel angtg (s calculated as the angpeminusq (see Figure
6.5). Below is described how anglkeand¢ are calculated:
o Angle ¢ is the angle between the breaker line and theplamallel to the base
of the delta;
o Angle @is equal to 90°- 6 -0, where8 is the wave angle, which is
calculated with linear refraction on the reef anid the reef crest angle.

Wave crest in
breaking point

Breaking point

Figure 6.5 - Peel angle calculation.
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6.4 RESULTS

6.4.1 COASTAL PROTECTION

As referred before, for coastal protection the ejocells near by the shoreline
gives an indication of the sediment transport. Témults of the velocity field for the
eight cases are presented in Figure 6.6 to Fig@re 6
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Figure 6.9 - Velocity pattern of cases 6 and 8cfammon conditiotd =1.5m,T=9s.

Divergent cells indicate erosion near by the shoeehnd convergent cells indicate
sedimentation. When cells can be identified in Wedocity fields, in Figure 6.6 to
Figure 6.9, they are shown with striped lines. €ach case below is written what kind
of velocity cells appear near by the shoreline:

For storm condition,H =4.0 m,T=9s:

Case 1: divergent cells were found, which meard there is an indication for
erosion near by the shoreline;

Case 3: not convergent/not divergent cells wewvadp which means that there is no
indication for erosion neither for sedimentatiomniy the shoreline;

Case 5: divergent cells appear, which means Heagttis an indication for erosion
near by the shoreline;

Case 7: divergent cells appear, which means Heagttis an indication for erosion
near by the shoreline. Anyway, it is not very clear
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For common condition,H =1.5m,T=9s:
Cases 2, 4, 6 and 8: not convergent/divergent,dilis means there is no clear
indication neither for erosion nor for sedimentatiear by the shoreline.

From Figure 6.6 to Figure 6.9 and according to withat was described above the
following can be concluded:
For the storm condition, it can be said that theecaf a reef angle 45° without
platform and the cases with a reef angle of 66haitd without a platform (cases
1, 5 and 7) give an indication to erosion at thersline. These cases will need
large attention in the morphological study to skehis indication is correct,
because if erosion will really take place in stozonditions these are not good
geometries to choose;
For all other cases (cases 2, 3, 4, 6 and 8) ray oidication is found for erosion
or sedimentation at the shoreline. A morphologstaldy will be needed to get
more information about the mode of sedimentationuocor not near by the
shoreline behind the reef.

6.4.2 SURFABILITY

As mentioned in section 6.2.2 five parameters ballanalyzed here to get insight in
the surfability capacities obtained with the sever@ometries of the reef shown in
Table 6.2 Below these parameters, namely (I) the breakerdmeg wave focusing, (II)
the breaker height, (lll) the peel angle and (IN@ tribarren number, will be treated in
sequence.

I. Breaker line and wave focusing

For all cases studied, the breaker line on the iseshown in Figure 6.10 to Figure
6.14. In order to show the effect of wave focusimgthe breaker line for cases 2, 4, 6
and 8 the wave heights around the reef are alsepted in Figure 6.10 to Figure 6.14.
These figures show clearly that the more preseticgawe focusing, the earlier the
wave breaks on the reef. For cases 1, 3, 5 andré ih almost no wave focusing on the
reef. This is due to the fact that the high wavagehalready broken before the reef. The
figures with the wave heights around the reef fases 1, 3, 5 and 7 can be found in
Figure II.1 to Figure 1.4, in Annex II.
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Common condition,H =1.5m,T =9 s:
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Figure 6.10 - Breaker line for case 2, wave heiffitgase 2 and breaker line for case 4.
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Storm condition,H = 4.0 m,T =15 s:
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Figure 6.13 — Breaker line for case 1.
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Case 3 ‘ ‘ ‘ ‘ ‘ - = preaker lin

1300¢ =

12507

Y (m)

1200

1150

400 450 500 550 600
X (m)

Case’ ‘ ‘ ‘ = = preaker lin

1300+

1250+

1200 ¢

Y (m)

1150+

1100+

1050 -

450 500 550

X{(m)
= breaker lin
1300 i
1250
E 1200
>_

T

X (m)
Figure 6.14 - Breaker line for cases 1, 3, 5 and 7.
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Regarding to the breaker line contours, the lorther breaker line the better for
surfers. From Figure 6.10 to Figure 6.14 it cancbecluded that in all tested cases a
breaker line will be created on the reef. About vheation in the wave angle with and
without platform for both wave conditions, it caa boncluded that the breaker line is
longer for the reef angle of 45° than for the araflé6°. This makes the reef with a reef
angle of 45° more interesting for surfers thanrtes with a reef angle of 66°.

II. Breaker wave height

For all eight cases analyzed here, the wave brdakght along the breaker line is
given in Figure 6.15 to Figure 6.18. The figuresreveeparated in cases with storm
condition (cases 1, 3, 5 and 7) and cases with ammeondition (cases 2, 4, 6 and 8).
Due to this reason the graphs of cases 1 and 8s &and 7, cases 2 and 4 and cases 6
and 8 are combined in separate figures.

3.5

Figure 6.15 - Breaker wave height for cases 1 and 3
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Figure 6.17 - Breaker wave height for cases 2 and 4
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Figure 6.18 - Breaker wave height for cases 6 and 8

Regarding Figure 6.15 to Figure 6.18, below is dbed, for all cases, what is the
development of the breaker wave height along tleaker line from the apex of the
structure and in the direction of the shorelinee Deginning of the breaker line is at the
apex of the delta, at x = 500 m.

For the storm condition,H = 4.0 mandT =15 s:

Case 1 Hy gets a bit larger in the beginning (during thetfis0 m each side) and gets
smaller at the end; varying from 3.0 to 2.5 m;

Case 3 Hy, is quite constant in the beginning (during thetfB0 m each side) and gets
smaller at the end, the maximum is 2.6 m; varynognf2.6 to 2.2 m;

Case 5 Hy, gets a bit larger and constant during the first8&nd much smaller at the
end; varying from 3.0 to 2.3 m;

Case 7 Hy, gets higher in the beginning and decreases cdahstdang the breaker line;
varying from 2.3 to 2.0 m.

For the common conditionH =1.5mT =9 s:

Case 2:Hy, gets higher in the beginning and decreases cdhstdang the breaker line;
varying from 2.7 to 1.7 m;

Case 4:Hy, gets higher in the beginning and stays approxilpatenstant at the end
(after 40 m each side); varying from 2.4 to 1.9 m;
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Case 6:Hy, gets higher in the beginning, decreases suddealghing the minimum at
about 15 m each side, then grows and gets smagleén;avarying from 2.8 to 1.5 m;
Case 8:Hy is gets a bit smaller in the beginning and gdig &rger in the end; varying
from 2.5t0 2.3 m.

Concerning the wave height at the breaker poid,piteferred wave height depends
on the skill of the surfer. The higher the skilltbé surfer, the higher wave is preferred.
However, it is easier to start surfing for everyfeuwhen the wave is somewhat higher,
at the beginning, especially when the peel anglemall. From Figure 6.15 to Figure
6.18 and from what is described above the followdag be concluded:

For the storm condition,H = 4.0 mandT =15 s:
Concerning the reef angle variation without platiofcases 1 and 5), its
development along the breaker line case 5, witkef aingle of 66°, is better than
case 1, with a reef angle of 45°, because the \waight are higher at the apex in
that case;
Regarding the reef angle variation with platforrages 3 and 7), its development
along the breaker line case 3, with a reef angkb6f is more interesting for more
professional surfers, because the wave heightgeia
For the option of yes or no for a platform for tleef angle of 45° (cases 1 and 3),
it can be concluded that case 1, without platfoisnmore interesting for more
professional surfers;
For the option of yes or no for a platform for tleef angle of 66° (cases 5 and 7),
it can be concluded that case 5, without platfoisnmore interesting for more
professional surfers.

Case 7 is the best case for the storm conditicledess the wave height is best for
amateur surfers along the ride and the wave hésglairger at the apex, which makes
starting easier.

For the common condition,H = 1.5 mandT =9 s:
Concerning the reef angle without platform (cases@ 6), its development along
the breaker line case 6, with a reef angle of B6Bgtter, because the wave height
is smaller along the ride;
Regarding the reef angle with platform for the coonncondition (cases 4 and 8),
neither case 4, with a reef angle of 45°, nor &seith a reef angle of 66°, show
a significant advantage;
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For the option of yes or no for a platform for tleef angle of 45° (cases 2 and 4),
case 2, without platform, is more interesting fooren professional surfers,
although there is not much difference;

For the option of yes or no for a platform for tleef angle of 66° (cases 6 and 8),
case 8, with platform, is more interesting for betsurfers, because the wave
height has a constant higher value.

Case 6 is the best for the surf condition testetabse the wave height is best for
amateur surfers along the ride and larger at tie&.ap

lll. Peel angle

For all cases analyzed in this chapter, the pegleasong the breaker line is given in
Figure 6.19 to Figure 6.22. For all cases the pagle at the apex, at= 500 m, is the
smallest one.

peel angle (°)

Figure 6.19 - Peel angle for cases 1 and 3.
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Figure 6.21 - Peel angle for cases 2 and 4.
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Figure 6.22 - Peel angle for cases 6 and 8.

Regarding Figure 6.19 to Figure 6.22, below is dbed, for all cases, what is the
development of the peel angle along the breakerftiom the apex of the structure and
in the direction of the shoreline.

For the storm condition,H = 4.0 mandT =15 s:

Case 1 The peel angle is quite constant over most gafte@breaker line (during about
40 m each side), varying between 33° and 39°. Atapex there is a low value of 7°
due to the rounding of the breaker line; at thesethgre is a high value of more than
60° due to the larger angle of the breaker line.

Case 3 The development of the peel angle is almost #mesas in case 1, just in this
case the constant part varies between 33° andtg8fow value at the apex is 10°.
Case 5 The peel angle grows from 40° near by the age&3F at the end. At the apex
there is a minimum value of 5°.

Case 7 The peel angle varies from 30° to 38°. At thexaihere is a minimum value of
21°.

For the common condition,H =1.5mandT =9 s:

Case 2:The peel angle has a minimum value of 10° at tlex @md goes up and down
towards the end, varying from 38° near by the ape28° in the middle and 42° near by
the end. At the end the value decreases to 12fhaneases again to 50°.
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Case 4:The peel angle has a minimum value of 15° at tlex @md goes down from the
apex toward the end, varying from 42° near by fhexao 15°-20° near by the end. At
the end the value increases again to 50°.

Case 6:The peel angle has a minimum value of 23° at tlexaphe value varies from

50° near by the apex to 33° in the middle and 6Theend.

Case 8:The peel angle has an equal development as in&asest in this case the

minimum value is 10° and the values vary from 38amby the apex to 18° in the
middle and 33° at the end.

Regarding the peel angle, the preferred peel aisgiet straightforward. A small

variation in the peel angle along the ride does reptesent a problem since surfers
actually like some variation. However, the peellarsiould be between 40° and 60° for
amateur surfers, as mentioned before. More prafeakisurfers can also surf peel
angles between 30° and 40°. From Figure 6.19 torEig.22 and also from what is
described above the following can be concluded:

For the storm condition,H =4.0 mandT =15 s:

Concerning the reef angle without platform (casesndl 5), both cases can be
surfed, however case 5 with a reef angle of 6®etter for amateur surfers;
Regarding the reef angle with platform (cases 3 @ndboth cases can be surfed.
The difference is minimal;

For the option of yes or no for a platform for tleef angle of 45° (cases 1 and 3),
both cases can be surfed. The difference is minimal

For the option of yes or no for a platform for tleef angle of 66° (cases 5 and 7),
both cases can be surfed, however case 5 withatfoph is better for amateur
surfers.

For the common condition,H = 1.5 mandT =9 s:

Concerning the reef angle without platform (caseand 6), case 6 with a reef
angle of 66° is surfable for amateur surfers. Caséth a reef angle of 45° can
only be surfed by more professional surfers;

Regarding the reef angle with platform for the coonncondition (cases 4 and 8),
both cases are not able to be surfed by amatease € with a reef angle of 66°
could be surfed in the beginning by professionaless, but gets difficult to surf
towards the end;

For the option of yes or no for a platform for tleef angle of 45° (cases 2 and 4),
both cases can only be surfed by more professeurédrs. However, surfing gets
difficult towards the end of the breaker line irseal with platform;
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For the option of yes or no for a platform for tleef angle of 66° (cases 6 and 8),
case 6 without platform is surfable for both amagnd professional surfers. Case

8 with platform is not surfable.

IV. lribarren number

For all cases analyzed in this chapter, the devednp of the Iribarren number along the

breaker line is given in Figure 6.23 to Figure 6.26

0.6 -
05 -
0.4

420

400

X(m)

Figure 6.23 — Iribarren number for cases 1 and 3.
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Figure 6.24 — Iribarren number for cases 5 and 7.
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Figure 6.25 — Iribarren number for cases 2 and 4.
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Figure 6.26 — Iribarren number for cases 6 and 8.

Regarding Figure 6.23 to Figure 6.26, below is dbed, for all cases, what is the
development of the Iribarren number along the keedine from the apex of the
structure and in the direction of the shoreline.

For the storm condition,H =4.0 m,T =15 s:

Case 1 The Iribarren number is almost constant alonghtteaker line with a value of
0.65.

Case 3 The Iribarren number is almost constant alonghtteaker line with a value of
0.70.

Case 5 The lIribarren number is constant in the beginramgl in the middle with a
value of 0.66 and increases at the end to a vdlQe/a.

Case 7 The Iribarren number increases a little along liheaker line, varying from a
value of 0.72 at the apex till 0.80 at the encheflhireaker line.

For the common condition,H =1.5m,T=9s:

Case 2:The Iribarren number increases from a value of @7the apex to a value of
0.82 at the end of the breaker line.

Case 4:The Iribarren number increases in the beginninghf72 to 0.82 and stays
constant at a value of 0.82 towards the end obtbeker line.

Case 6:The Iribarren number increases in the beginningnfeo value of 0.69 at the
apex to a value of 0.88 in the middle. Then thei@alecreases till 0.78 and increases
again towards the end till a value of 0.90.
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Case 8:The Iribarren number is almost constant along tleaker line with a value of
0.74.

Regarding to the Iribarren number, plunging wavehvain inshore Iribarren number
varying between 0.6 and 0.9 is the best to surb&ih amateur and professional surfers
(Henriquez, 2004). In order to catch the wave i lleginning it is preferred a smaller
wave value of about 0.6 at the beginning of the.risrom Figure 6.23 to Figure 6.26
and taking into account what is described abovddhawing can be concluded:

For the storm condition,H = 4.0 mandT =15 s:
All cases are good to surf for amateur surfers, and

Concerning the reef angle without platform (casesndl 5), both cases can be
surfed. The difference is minimal;

Regarding the reef angle with platform (cases 3 @ndboth cases can be surfed.
The difference is minimal;

For the option of yes or no for a platform for tleef angle of 45° (cases 1 and 3),
both cases can be surfed. However, case 1 witHatibpn has smaller values of
the Iribarren number along the breaker line, whidkes catching the wave in the
beginning easier for amateur surfers;

For the option of yes or no for a platform for tieef angle of 66° (cases 5 and 7),
both cases can be surfed, however case 5 withatfoph has smaller values of
the Iribarren number along the breaker line, whiedkes catching the wave in the
beginning easier for amateur surfers.

For the common condition,H =1.5mandT =9 s:
Concerning the reef angle without platform (casesnd 6), both cases can be
surfed, however case 2 with a reef angle of 66°shaaller values of the Iribarren
number along the breaker line, which makes catctiiegwave in the beginning
easier for amateur surfers;
Regarding the reef angle with platform (cases 4 &ndboth cases can be surfed.
The difference is minimal;
For the option of yes or no for a platform for tleef angle of 45° (cases 2 and 4),
both cases can be surfed. The difference is minimal
For the option of yes or no for a platform for tleef angle of 66° (cases 6 and 8),
both cases can be surfed, however case 8 withoptathas smaller values of the
Iribarren number along the breaker line, which nsakatching the wave in the
beginning easier for amateur surfers.
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6.5 CONCLUSION

Using the calibrated numerical model COULWAVE, digbases have been
simulated to get insights about the hydrodynamlwab@r around a reef in order to find
the capability of the reef to protect the local stbae of Leirosa, Portugal, and to
increase the local surfing possibilities.

Based on the cases studied it was not possiblefioedan optimal geometry of an
MFAR in terms of coastal protection based only lo& indication given by the velocity
fields for the eight cases studied. However, thigcation for the storm wave conditions
(H=4.0 mand T =15 s) tested, is in most casesi@n near by the shoreline. The
indication for common wave conditions (H = 1.5 nddn= 9 s), is unclear for all cases;
neither erosion nor sedimentation is a clear inghoa A morphodynamic study needs
to be executed to get a deeper insight about desmngeometries that give
sedimentation near by the shoreline in storm waweditions. Besides that, a more
profound morphodynamic study needs to be condutiiethvestigate the mode of
sedimentation, erosion or sedimentation, under comwave conditions.

Anyway, in terms of coastal protection a reef withtform seem to constitute a good
first option.

The optimal geometry of an MFAR in terms of surfiyican be divided into four
surf parameters:

Regarding the breaker line, for both the storm @@ and the common wave
condition, the cases of a reef angle of 45° aréehebecause they give longer
breaker lines, by which the surfers can make adonige;

Regarding the breaker wave height, for both thenstand the common wave
condition, the case without platform and a reeflamg 66° is the best option for
amateur surfers.

Regarding the peel angle, for both the storm aeccttimmon wave condition, the
case without platform and a reef angle of 66° éslibst for amateur surfers.
Regarding the Iribarren number, for the storm coonj the case without
platform is the best for amateur surfers. The Vianmain the reef angle does not
seem to make difference. For the common conditiba,case without platform
and a reef angle of 45° is the best for amatedemsur

Taking all four surf parameters into account, theecwithout platform and with a
reef angle of 66° is the best choice for the gegmietterms of surfability. Although
two of the four parameters give better resultsafoeef angle of 45°, the angle of 66° is
chosen to be better due to the larger importandbeopeel angle and the breaker wave
height with respect to the Iribarren number andlémgth of the breaker line. Besides
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that, the Iribarren number is good for all testades and the variation in this parameter
is very small.
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7.CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

Portugal is one of many countries in the world tkaffers from coastal erosion.
Conventional ways of protecting a coastline apfgeaentail some disadvantages. An
innovative and interesting way of protecting a lom@astal zone is by means of multi-
functional artificial reefs. A multi-functional afitial reef is a submerged breakwater
which, besides the helping to protect the localstoee, can have other purposes; in
particular it may enhance the surfing possibilittesl the environmental value of the
local area. The structure has several positive -aifets: first, it provides an
unimpaired visual amenity; second, it offers touaisd economic benefits by improving
the surfing conditions; third, it can enhance theimnmental value of the area where it
is built, and fourth, with a proper design the dadvift erosion can be minimal.

As a result of a theoretical study, a preliminagsidn, achieved step by step, is
proposed for a multi-functional artificial reef ma§ use of the theory and the state of
the art. The proposed reef geometry is used amlidesign in the numerical and
physical tests, which are executed to analyze tydrodynamics around a multi-
functional reef breakwater in order to see the ¢etes and obtain preliminary results
related with the protection of a stretch of thetncoast of Portugal and to increase
the local surfing possibilities. The main desigmgmaeters for an MFAR are the reef
angle, the height of the reef, the form of the iiegblant, the submergence of the reef,
the horizontal dimensions and the seaward slop&hefreef structure. Taking into
account the condition that the proposed geometngtion properly on a sea slope
bottom of less than 1:50, the main preliminary cheiare as follows: the upper part of
the structure is a delta shaped with an angle éfab@ a side slope of 1:10, and the
lower part consists of a platform whose slopesaareteep as possible. The position of
the reef should be such that the distance from a@pex of the structure to the
undisturbed shoreline is greater than 1.5 the absunf zone width.

Two design parameters (the submergence of thearekfthe length of the reef) have
influence on the breaker type that should be detexdh Therefore, a physical and a
numerical 2DV study have been executed to getlmsigthe influence of the length of
the reef and the submergence on the Iribarren nymidech is an indication for the
breaker type for the reef functionality. From bsthdies, it was concluded that for the
common wave conditions tested, the design wavehhedf 1.50 m gives a good
surfable plunging wave for a submergence of 1.50-ram the numerical tests, initial
values of several parameters for the simulatiomsezhout in order to find the optimal
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geometry were determined: the height of the reef.20 m, the seaward slope of the
reef is 1:10 and the reef submergence is equaktdésign wave height of 1.50 m.

In order to be able to investigate the other titegign parameters (the reef angle, the
geometry of the reef (with or without a platform)dathe horizontal dimensions in
2DH) for the optimal geometry, the Boussinesq-typ@ULWAVE model is firstly
calibrated. The influences of the bottom frictiamdeaof the upwind fraction differences
were investigated on the significant wave height ahe energy spectrum. The
influences of the breaking parameters on the sarf wave height were also studied.
It can be concluded that the default values ofiralestigated parameters give very
similar results to the laboratory data of a subreéreef in a wave basin (obtained by
Poort, 2007). Because of that, it was chosen taketvestigated parameters on the
default values for the simulations that were cdrriut to investigate the design
parameters of the MFAR.

An optimal geometry of an MFAR for the local coasdl of Leirosa, Portugal, in
terms of coastal protection was not possible tandefvith the indication given by the
velocity fields of the eight cases simulated. Tindigation for storm wave conditionsl (
=4 m andTl = 15 s) is in most cases erosion near by the Bherd he indication for the
common wave conditiorH = 1.5 m andl' = 9 s) is unclear for all cases; neither erosion
nor sedimentation is clearly indicated. A morphaainic study is needed to get a
deeper insight of the reef geometry on the morphathc response.

The optimal geometry of an MFAR in terms of surfiyican be divided into four
surf parameters;

Regarding the breaker line, for both wave condgitested, a reef angle of 45°
gives a longer breaker line, by which the surfens make a longer ride;
Regarding the breaker wave height, for both wawveditmns tested, the case
without platform and a reef angle of 66° is thetfesamateur surfers;
Regarding the peel angle, for both wave condititested, the case without
platform and a reef angle of 66° is the best foatur surfers;
Regarding the Iribarren number, for the storm coonj the case without
platform is the best one for amateur surfers. Téwgation in the reef angle does
not make much difference. For the common conditiba,case without platform
and a reef angle of 45° is the best one for amataders.

Taking all four surf parameters into account, tsecwithout platform and a reef
angle of 66° is the best choice for the geometrgims of surfability. Although two of
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the four parameters give better results for a asgle of 45°, the angle of 66° is chosen
to be better due to the larger importance of thel pagle and the breaker wave height
with respect to the Iribarren number, and the lerdtthe breaker line. Besides that, the
Iribarren number is good for all tested cases &edvariation in this parameter is very
small.

Comparing the results of the 2DH study with COULWRAVWhodel for the optimal
geometry and the results of the theoretical stitdygn be concluded that, regarding the
surfability parameters, a reef angle of 66° is #idbechoice than the reef angle of 45°.
Moreover, in contradiction to the expected resuitth a platform in the theoretical
study, a reef without platform appeared to be betpgion in the 2DH study. This is a
consequence of the wave focusing that couldn’@akert into account in the theoretical
study.

7.2 RECOMMENDATIONS

Some research questions were faced during thisstigegion, which lead to some
recommendations for future work:

1. The investigation of the wave shape, in the lalwoyastudy, was carried out on a
submerged reef with a smooth slope and a rigid mahteottom. However, it is
recommended to investigate the wave shape also pessus bottoms, like
geotextile sand containers as this is the matetiah is the most suitable to build
an MFAR. Within these containers, the turbulence @re energy dissipation will
be different than over a rigid bottom, which is egfed to have an influence on
the wave shape.

2. The calibration of the numerical COULWAVE model hstsown that it can be
successfully used to simulate the hydrodynamicsiratoan MFAR. However,
improvements are recommended on the actual vemsioBOULWAVE. This
improvement includes mainly the introduction of @as flow simulation. This
will enables the model to study global coastal sreath submerged porous
structures.

3. Even though the velocity patterns give an indicatout the sediment transport,
they are not sufficient to get a deep insight altbeatinfluence of an MFAR on the
morphology around the reef. For a proper desigra akef to protect a local
coastline a morphological study has to be execirtashich longshore currents,
correct bathymetry, tide and wave angles have taken into account.

4. Even though COULWAVE has appeared to be a numenruadlel suitable to
study the hydrodynamics around an MFAR, it would dwen better to use a
numerical model in the future that can simulate Wae shape on the reef. In
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chapter 4 the use of COBRAS-UC is described. COBRI&SIs not yet available
for 3D studies, but as soon as possible, it ismeuended to use a similar model
for hydrodynamic studies around an MFAR.

In chapter 6, the bathymetry and the wave conditineed are those found in
general along the central western coast of Portid@avever, it is recommended
to make any case-study taking into account the telxathymetry and the wave
conditions in the area.

It is recommended to include an economical studytli@ construction of an
MFAR in the case-study. That should involve, foaewle, the costs of material
and the construction costs using different techesqu

As described in this thesis, an MFAR has two maialg One is protecting the
local coastline and the other is increasing theall@urfing possibilities. It is
recommended to investigate the need for and iritéresncreasing the local
surfing possibilities in front of the coast whehe treef is designed.
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ANNEXES
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ANNEX |

Annex l.a - Iribarren number < 0.6

Heiaht reef = 0.19 n || Height reef = 0.36 m ||

Submergence is 0.24 m Submergence is 0.24 m

Hm=0.26 mTrmr=2.44<S=0.24 m Ir = 0.6(

|| Hm=0.31mTm=252sS=0.24 m Ir =0.57 ||

| I wa,mm'-mm T
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Annex |.b - 0.6< Iribarren number < 0.8

Heiaht reef = 0.19 n

Submergence is 0.12 m

Hm=0.18 mTir=252sS=0.12 mlr =0.7¢

T e N |

Submergence is 0.16m

| Height reef=0.36 m |

Submergence is 0.12 m
|| Hm=0.18 mTm=2.52 sS=0.12 mIr =0.75 "

Submergence is 0.16 m

|| Hm=0.24 mTm=252sS=0.16 mir =0.65 ||
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Hm=0.18 mTm=2.52sS=0.16 m Ir =0.75 " Hm=0.23mTr=2.84sS=0.16 m Ir =0.7¢ "

Submergence is 0.20 m Submergence is 0.20 m

Hm=0.23mTm=2.49sS=0.20m Ir =
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" Hm=0.23mTmr=2.52sS=0.20 mIr =0.6¢ "

Hm=018mTir =247 sS=020mlr =0.7¢ | || Hm=018mTnr =252 sS=020mlr =0.7¢ "

i

b
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Submergence is 0.24 m Submergence is 0.24 m

Hm=0.26 mTmr=252sS=0.24m Ir =0.6]
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|| Hm=0.26 mTr =3.84sS=0.24 m Ir =0.6¢ ||

Hm=0.28 mTm=3.16 sS=0.24 mIr =0.75

|| Hm=0.17mTmr=252sS=0.24 mIr =0.77 ||
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Annex |.c - 0.8< Iribarren number < 1

Heiaht reef =0.19 n || Height reef = 0.36 m ||
Submergence is 0.08 m Submergence is 0.08 m
Hm=0.12mTm= 2.40 sS=0.08 mIr = 0.87 || Hm=0.13mTmr=2.52sS=0.08 mIr = 0.87 ||

Hm=0.06 mTm=1.84 sS=0.08 mIr = 0.93 [ Hm=013mTw=284ss=008mir=o09: ||
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Submergence is 0.12 m Submergence is 0.12 m

Hm=0.12mTm=2.52sS=0.12 m Ir =0.90 " Hm=0.18 mTmr=2.84sS=0.12m Ir =0.8: "
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Hm=0.14 mTm=2.84sS=0.12m Ir =0.97 " Hm=0.14 mTmr=2.84sS=0.12 mlr =0.97 "

Submergence is 0.16 m Submergence is 0.16 m

HmM=0.19 mTm=2.84sS=0.16 m Ir =0.82 || Hm=0.23mTm=3.16 sS=0.16 m Ir =0.83 ||
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Hm=0.17mTnmr=3.16sS=0.16 m Ir =0.9]

Hm=0.13mTm=2.84sS=0.16 m Ir =0.97

Submergence is 0.20 m

Hm=0.24 mTr=3.16 sS=0.20 mlr = 0.8]
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|| Hm=0.14 mTm=2.84sS=0.16 m Ir =0.96 ||

Submergence is 0.20 m

" Hm=023mTnmr=3.16 sS=0.20 mlr =0.87 "




Hm=0.18 mTnr=3.16 sS=0.20 mIr = 0.9¢

Hm=023mTnr=3.16sS=0.20m Ir =0.8¢

Submergence is 0.24 m

Hm=0.23mTm=3.16 sS=0.24 m Ir =0.83
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Annex l.d - 1.0< Iribarren number < 1.2

Heiaht reef = 0.19 n " Height reef = 0.36 m "
Submergence is 0.08 m Submergence is 0.08 m
Hm=0.12mTmr=2.78 sS=0.08m Ir =1.0C Hm=0.08 mTm=2.47 sS=0.08 m Ir =1.07
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Hm=0.09 mTm=2.81sS=0.08 miIr = 1.19

Submergence is 0.12 m
g 'S Submergence is 0.12 m

Hm=0.08 mTm=2.52sS=0.12m Ir =1.09

" Hm=0.13mTnr=3.16 sS=0.12m Ir = 1.0¢ "

Hm=0.13mTm=3.16sS=0.12m Ir =1.10
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Hm=0.09 mTm=2.84sS=0.12 mlIr =1.19

|| Hm=0.09 mTrr=278's S=0.12 mIr =1.1¢ ||

Submergence is 0.16 m

Hm=0.12mTm=3.16 sS=0.16 mIr =1.14
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Annex 1.e - Iribarren number> 1.2

Height reef = 0.19 m

Submergence is 0.12 m

Hm=0.09m Tm=3.16 s S=0.12m Ir =1.34
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ANNEX Il

Case 1
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Figure 11.1 - Wave height around reef for case 1.

Case 3
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Figure 11.2 - Wave height around reef for case 3.
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Case 5
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Figure 11.3 - Wave heights around reef for case 5.

Case 7
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Figure 11.4 - Wave heights around reef for case 7.
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