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ABSTRACT

Worldwide coasts are globally threatened by the effecthofeerosion, with
increasing consequences from both a social and economic point of lgiew.
recent decades the use of environmentally friendly aglifsiibmerged barriers
have beerreceivingan increasing interest from the research, dua tagh
biological compatibility associated to shore protection.

Among them,Reef Ball™ (RB) representsne of the most commonly used
environmentally friendly moduke The latter was originally employed for
biological enhancementind more recently for theshoreline stabilizatiorof

high valued sitesTo this specific aimRBs modules can be arranged in rows,
according to different configuration® realizesubmergedreakwaters even of
significant width.

However, in spite of thelearenvironmental benefit deriving from the adoption
of similar structures, their application ssll affected by large uncertainties in
the estimation of the hydraulic characteristicshef wavebarrier interaction. In
particular, very limited studies exist providing equations for the prediction of
the effectivenes®f Reef ball structures, generally focused on very peculiar and
uncommon configurations.

In order toproduce a systematiharacterization of the hydraulic properties of
these breakwaters,and overcome the abovementioned limitatioaswide
experimental campaign consisting in 1,440 tdsas been conductedvith
irregular wavesin the flume of the Department of Civil, Architecal and
Environmental EngineerinPICEA) ofthelhi ver sity of Napl e:
In these testa wide range oSubmergence wave attack and configurations
was investigated in order to analyse the behawtoor RB barriers under
breaking and notbreaking wavesT o t he Aut hor és knowl e
the widest experimental investigation on this specific type of submerged
barrier.

The most relevant aspects related to the waareier interaction have been
addressed, namely the wave breakintpe rate of energy dissipatipthe wave
setup and the variation in the wave spectrum.




In particular, predictive equations have been proposed for the estimation of the
transmission coefficiestdefinedboth in terms of wave heights and periods.
More speciically, the comparison between tH2ICEA data and literature
equations allowed to develop a new conceptual approach for the assessment of
the rate of energy dissipation of RB barriers.

Furthermorethe analyses performed allowed a better comprehensidgheof
overall hydraulic behaviour of these structures, especially for what concerns
breaking occurrence and typol ogi cal
influence on nearshore circulation.

Keywords: Wave Transmission, Wave Sab, Wave breaking,Submergd
Breakwaters, Reef BalRhysical Modelling.
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Chapter I Introduction

Chapter 1 i INTRODUCTION

World's total coasts extend for about 1,635,000 km and are characterized by an
ample variety of geomorphological features, weather regimes and biomes
(Bur ke et al ., 2001) . What ever Coas
economic and social importes is beyond dispute. In fact, coastal ecosystems
provide a complex of goods and services which are indispensable for the human
life. Furthermore, they sustain biodiversity and offer a greatly valued habitat, as
well as areas for recreation and tourismn(aeer Meulen et al., 2004). These
services are estimated at some 25%B% US Dollars per year (Martinez et al.,
2007), which roughly correspond to 77% of global ecosysterices value
(Costanza et al, 1997). On a global scale, coastal ecosysterhseateried by

the rapidlygrowing concentrations of people and seetmnomic activities
(Bijlsma et al., 1996), and nowadays 28% of them results to be altered by
human activitiesKigure1.1).

Population living within

100 km of the coast Shoreline /
ut | None - Most altered

| Lessthan 30% Altered

| 30t070% Least Altered

- More than 70% m Selected coastal cities of more

than one million people

Figurel.1l. Coastal population and shoreline degradation (UNEP, 2002).
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It has been estimated that the average population density in coastal areas is now
twice as high as the global average (UNEP 2005). Worldwide, about 60 of
worl doéos population |Iive in the coasta
100 million people live in areas no more than 1 m above sea level (Douglas and
Peltier 2002).

Coastal erosion is among the most common and important phenomena affecting
worl dos coasts. I n fact, oV escoasdl% of
erosion (Dar and Dar, 2009) and the total coastal area, including houses and
buildings, currently being lost in Europe is estimated to be about 15 km2 per
year (Van Rijn, 2011).

From one hand, Coastal erosion is a natural,-teng, process able to pose
serious threats to life and property (RarBatrago and Anfuso, 2009). Suffice

to say, the annual property loss in the US due to coastal erosion is estimated in
500 million US Dyllars, and about 150 million US Dollars are spent every year

by the US Government in erosion control measures (NOAA, 2013).

On the other hand, coastal erosion is a process which can be triggered or
exacerbated by anthropic actions, such as:

1 coastal develpment and land reclamation, which can change the
alongshore sediment transportation;

1 modification of river catchments, which can modify the sediment
delivery to the coast;

1 global climate change, which is expected to worsen the exposure of
coasts, due taising sea levels, increased erosion and salinity and
degradation of wetlands (IPCC, 2007).

The engineering solution most widely employed in the practical applications for
the mitigation of beach erosion is the use of submerged detached breakwaters,
often in conjunction with beach nourishment. Traditional submerged
breakwaters are rubblaound structures stretched along the coast for several
kilometres and characterized by a crown heigiderthe mean sea water level
(m.s.w.l.), that favours the water exctge at the back of the structures. The
main purpose of these structures is to force the wave breaking and cause the
turbulent dissipation of wave energy.

In many countries of the world, Italy, Spain and Japan among them, submerged
breakwaters are consigel the sole structural measure for shore erosion control
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that is consistent with a policy of protection of the natural and historical
beauties of coastal areas. For this reason, their structural, hydraulic and
environmental responses have been intensivelestigated in the recent
decades. The Efuinded project DELOS (Lamberti, 2005, Burcharth et al.,
2007) is among the most fruitful research efforts.

In spite of their undoubted advantages, conventional submerged breakwaters
generally require the quarng of a large amount of rocky material; in addition

to the expense, especially when the structures are long and wide, quarrying
inflicts noticeable harm to the environment, and for this reason, it is often
forbidden or extremely difficult to achieve.

The use of prefabricated concrete modular elements can represent an alternate
to traditional rubblemound structures, thanks to relatively low costs, durability,
manageability and standardization of the construction process. Similar artificial
reefs can effi@ntly reproduce most of the characteristics of natural reefs
(Jensen, 1998). In fact, they were initially used for purposes such as fish
production, in Japan, recreational diving, in the USA, prevention of trawling, in
Europe (Baine, 2001) or for the protien of areas with a particularly high
environmental and landscape value (Calabrese et al., 2011). In these cases great
attention should be paid on the chemical characteristic of the concrete, because
of its potential interaction with the coastal ecosyst

The use of environmentally friendly concrete units may represent a suitable
tradeoff between, shore erosion control and environmental compatibility. In
fact, in addition to reducing the volume of rock to be employed, these units are
able to interactith marine life, favouring a number of recreational activities,
such as surfing, snorkelling and fishing. This may ultimately increase the
appeal of the beach, generating economic benefits. Nevertheless, in the face of
the advantages above, larger ungstieas in the prediction of the response of

the beach in the protected area exist for these structures (Dean et al., 1997).

In this study, one of the most popular environmentally friendly units for
submerged breakwaters, the Reef Bhl(Barber, 2001), hadeen analysed.
These modules were originally designed for biological enhancements, due to
their peculiar shape and high biocompatibility, which render them particularly
suitable for use in delicate and fragile ecosystems, such as coral reefs. Their use
was later expanded to shoreline stabilization and interventions were done in
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highly-valuable beaches, although limited studies exist in the literature
providing readily available design equations and reliable predictions of their
overall behavior. In facthe main studies dedicated to Reef Ball structures are
those by Armono (20) and Ward (2011)who mainly focused on the
assessment of wave transmission for structures arranged according to peculiar
configurations.

The present study intends fil this gap in the literature, on the basis of the
results of an extensive experimental campaign performed at the Department of
Civil, Architectural and Environmental EngineeringDigartimento di
Ingegneria Civile, Edile ed AmbientalBICEA) of the University of Nples
Federico Il, Italy. This campaign was designed to investigate the main features
of submerged breakwaters made of Reef Balls, namely wave breaking,
transmission, saip and spectr al vari ations. T
DICEA campaign representsd widest investigation performed to date on these
specific structures.

1.1 Objectives of the Study

The general objective of this thesis is to contribute to the understanding of the
physical behaviour of submerged barriers made of Reef Ball modules and
provide predictive models for the estimation of main hydraulic parameters. To
achieve this, the results of tHeICEA experimental campaign have been
analysed and compared to previous literature experiences.

More specifically, this thesis intends to:

1 characterizehe occurrence and typology of wave breaking at Reef Ball
barriers, as a fundamental step in the comprehension of the energy
dissipation phenomena

1 overcome the lach reliable predictive tools for the design of Reef Ball
Barriers, through the definitionof predictive equations for the
transmission coefficieat In fact, this is the main parameter measuring
wave attenuation and allowing to assess the level of protectsurezh
by a submerged breakwater;

1 investigate the presence ardountof the wave seup, i.e. the vaation
of the mean water levahduced by tk presence ahe barrierin order
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to obtain indications about thmfluence of RBs on the nearshore
currents

1 Provide predictive equations for the spectral variations, to further
characterizevavebarrier interaction in the case of Reef Ball modules.

1.2 Organization of the thesis

This thesis presents the analysis of the behaviour of Reef Ball submerged
breakwaters on the basis of the results oIXHeEA experimental campaign.

The thesis is divied into twelveChapters and structured in three main parts,
described below.

The first part provides a general description of Reef Ball modules (Chapter 2)
and presents main projects in which Reef Balls were employed, mainly for
shore protection purposéShapter 3).

The second part is dedicated to the review of existing studies and to analyses
based on literature data. More specifically, previous studies on traditional
breakwaters (Chapter 4) and Reef Ball breakwaters (Chapter 5) are firstly
presented. @sequently, the assessment of the transmission coefficient of Reef
Ball barriers based on previous literature dagpresented (Chapter 6).

The third part of the work is completely devoted to INEEA experimental
campaign. After a description of tlegperimental setup and a presentation of
the analysis carried out (Chapter 7), the results ofDit&EA campaign are
analysed andcritically discussed, separately for what concerns the wave
breaking (Chapter 8), wave transmission (Chapter 9), waugpg€hapter 10)

and spectral variations (Chapter 11). The thesis concludes with a summary of
the most important outcomingderiving from the analysis othe DICEA
campaign and final remarks (Chapter 12).




Chapter 2 i REEFBALL '™ MODULES

2.1 General characteristicsand properties

Reef Balls (RBs; BarbeR001) arendlow hemisphericakhaped artificial units
(Figure2.1), originally designed for biological enhancement and coral reef
restoration and subsequently employed fare erosion control.

Reef Balls are characterized by a central cavity, a complex system of lateral
holes, peculiar surface texturesnd a neutral pHThese peculiarities allow
modules to recreate a suitable habitat for benthic and pelagic species and make
them suitabléo be usedn areas with a fragile ecosysteas tle onetypical of

coral reefs.

In particular the central cavity represents a possible repair for fishes from
predators. Furthermore, the system of lateral holes, which may vary in number
and diameter, determines turbulences that attract fisbiééswving the current

Their particular superficial textuseexhibit a roughness that favours the
colonization of modules by fouling and néwuling communities
(Armono,2003).

RBs are made ofoncretewith a pH of about 8.3;lose to that of the sea. This
allows to insert RB modules in the marine environment minimizing potential
negative impacts and fostering the development of the existing ecosystem.

In order to provide a rapid colonization of RB whiit is possible to implant
oysters Figure2.2a) or other types of fitet eedi ng communi t i
lateral surface, through the use of epoxy glue. In case RB modules are
employed for coral reef restoratiororals can beimplanied on their surface.

For this aim, starsshaped supportsiade of sand and resin can be attached on
modules via stainless steel screwsg(re2.2b). Otherwise, it is possible to
allocate corals imppropriate grooves, realized beforehardre2.3).

To date a number of different types of RB units are commercially available,
characterized by different size, weight and hole pattern, as reported in
Table2.1.
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Figure2.1. Example of Reef Ball unitMNW.feefbaII;ord.

B ) B reeiy T ~
Figure2.2. a) Ostrea Edulys applied through epoxy glue on a Reef Ball, 20 days after
the installation of the module in Venidely, in 2012(courtesy of ReeBall Italia); b)
coral implanted on a Reef Ball module through-staaped supports in Dominica,
Caribbea Island in 2000 (Whitford,2001).
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Figure2.3. a)RB module with gooves(small holesyealized ortheir surface for coral
settement(www.ioseaturtles.ong b) Coral transplanted igroove. (Reef Ball

Foundation,2008).

Unit Types Base Diam.  Height Weight Concrete\alolume # of
(m) (m) (Kg) (m?) holes
Goliath Ball 1.83 1.52 18002700 1.0 2540
Super Ball 1.83 1.37 18002700 1.0 22-34
Ultra Ball 1.83 1.31 160062000 0.7 22-34
Reef Ball 1.83 1.22 13501900 0.6 22-34
Pallet Ball 1.22 0.9 7001000 0.25 17-24
Bay Ball 0.9 0.61 170340 0.08 11-16
Mini-Bay Ball 0.76 0.53 70-90 less than 0.04 8-12
Lo-Pro Ball 0.61 0.46 3560 less than 0.02 6-10

Oyster Ball 0.46 0.30 1520 less than 0.01 6-8

Table2.1. Reef Balls characterisi¢www.reefball.org).

All the abovementioned characteristics motivated a first application of RB
modules for purely rehabilitatbn purposes. Subsequentlther use was
expanded to site erosion controlin fact, submerged breakwaters, even of
significant width, can be realized through RB modulegyre2.4). To this
aim, unitswith significantheighs (Table2.1) are generally employedyranged
according to different layost Conversely, smaller moduleare usually
employed in aquaculture and for coral transplanting and propagations.
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Figure2.4. Exampé of Reef Ball submerged breakwatemv.reefball.org.

2.2 Construction process

Reef Balls are made of concrete and additives, providing to the mixture a rapid
pouring and allowing the installation of modules within 28 hours from the

cast. These additives also reduce the mixture pH to a value very close to that
oneof sea.

The peculiar shape is obtained by casting concrete into a fiberglass assembled
mold (Figure2.5a) with a system of buoys. The central budlyigure2.5b) is
usually a polyforrtype one which is resistant to high pressure and
temperature, whereas smaller buog(re2.6a) ae used to realize holes on

the lateral surface. As shown kigure2.6b, the concrete mixture is poured
through the central hole on the top of the mold. After hardening, the central
buoy can be deflated and remdver it can be left in placeto facilitate the
floating and positioning of the module. Subsequently, RBs are washed to
provide an adequate roughness to the surface and to further reduce the pH
(Sherman et aR002; Harris2007a).

Modules are generally éated to their final position though the use of cranes
and bargesHigure2.7). Alternatively, they can be equipped with lift bags
(Figure2.8a) and moved to their final gegnation by floating. In case the
modules are directly realized on site, the most economical solution is to move
them without deflating the central budyiure2.8b).
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Figure2.5. a) Construction of RBs in Puerto Rico. On the bottieft corner a mold
can be observed (www.coralations.com); b) Mold and central buoy used in the
construction of RB, Miyland Reef Ball Project (wwweefball.org).

Figure2.6. a) Inner part of a mold with trsystem of buoys used to create lateral holes
(Harris,2007a); b) Concrée pouring at the top of a mofd/ww.nj.gov).

Flgure2 7. Transportation of modules to their final Iocatlon through the use of cranes
(panel a) or barges (panel({ww.reefballitalia.it; www.reefball.com).

10
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Figure2.8. 8 Exampe of lift bag (Arnouil,2008) b) Arrangement of Reef Ballitt
inflated central buoyHarris,20079).

In case the design requires modules higher than Goliatkitypall(Table2.1) it

is possible to increase theight of each module by placing it on the crest of a
traditional mound, or using Goliath Booster Ringhe latteris a concrete ke

in which a Goliath Ball can be placéBigure2.9). The characteristics of the
ring are listed infable2.2.

Figure2.. Glliath Booster Rir;g';(HafriQ,Oog).

Base Diam. (m) Heightm)  Weight (Kg) Concrete. Volume (nf) # of holes
2 1 18162727 1.19 1525
Table2.2. Goliath Booster Ring characterigtic

! Goliath Booster Ring ere firstly employed for a submerged breakwater in Malaysia

11
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2.3 Anchoring systems

The stability of modules is definitely one of the most important condition
verify, both in case of a submerged breakwatesfmre erosion control and of
biological enhancement interventionBhis is particularly importantor coral
planting, due to their high value.

In order to avoid the occurrence of instability phenomena, different types of
anchors can be usedepending othe bottom and on the displacement that it is
necessary to limit. In particulasliding generally occurs when Reef Balls are
disposed on a rocky bottom and arranged with a low submergence or in areas
with high energy rates. Conversely, the presence of sandy bottom,
settlement phenomena may often take place.

The largest stabilizing contribution to the overall equilibrium of the module is
provided by its weight, that can be increased employing saol | ed i he:
mo d u |i.e anis characterized byhagh weight in their bottom third.

Main anchor types which can be used for RBs are:

1 cone anchors;
spike anchors;
battered piles;
friction piles;
mattresses.

= =4 =4 A

The first two typeqFigure2.10) are generally used to g@rentthe occurrence
sliding phenomena.

Cone anchorsHigure2.10a) are suitable in the case of soft bottoms and consist
of four cones cast monolithically ith the Reef Ball. Hollow cones
(Figure2.11) are a special type of cone anchors wheen be useavhen it is
necessary tgreserve sea grass under the base of madilleis can be
particularly important for both théiological preservatiorof the areaand
preventing/limting module sliding and sinking, due to subsoil enhancement
produced by roots.

12
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Figure2.11. Hallow anchoring cones (Reef Baii Foundatj@®08).

SpikesanchorgFigure2.10b) are tapered preast concrete anchors, reinforced
by five fibreglass rebar each. The size of the spiketesgned after pressure
tests and calibrated to penetrate inside the rocky bottom.

Battered piles Rigure2.12) are generally used in order to limioth the
horizontaland verticaldisplacemerst This anchor sysm consists of three or
four pilesdriven, either hydraulically or by means of compressed air, through
the Ree f Bal | 60s, ugd totther padrilledh bmttom.s Each pile,
characterized by a maximum length of &h4and adiameter of10cm, is
reinforcedby a maximum of three fibreglass rebar and equipped witlca 1
thick PVC pipe, allowing the pile to be jetted into the bottom.

13
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Another typeof anchoring is provided bthe friction piles. Thae piles are
similar to the previous osgbut characterizedyba larger diametey to increase

the surface in contact with the subsoil and, therefore, the friction resistance.

In order to control the development of settlements, it is also possible to
distribute the RB weight on a larger surface and reduce the premsplied at
bottom through the use of adequate concrete mattrdagesg2.13).

These are generally realized during the construction of Reef Balls by means of
dedicated formworks.

=

Figure2.13. Concrete mattress (Reef

e

oY

Ball Foundat2e08).

14
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Besides, diffeent mattresses at the baseéréfs can be conmged each other by
means ofsteel bars, to realize a-salled articulated mattressF{gure2.14).

This allows to distribute the weight of the structure on larger areas and to
significantly increase the overall bibty of the modules

Another type of mattress can be realized by the use of Armorflex modules
(ARMORTEC™). These are prefabricated permeable elements which can be
connected each other by means of longitudinal cables laid down in dedicated
holes Figure2.15). These modules allow the free growth of the vegetation and
are generally employed for revetments. Nevertheless, they can be employed as a
base for Reef Ball modules providing a contribution in limiting teettlement

and sinking. Furthermore, this type of mattress could play a role in sediment
transport by trapping the sand in the central holes.

T

oS
NTS

Figure2.14. Articulated mattress. (Harri2D07).

-—

- Figdré2.15.\A:rmorerx mattress (War®011).

15



Chapter 3 i REEF BALL PROJECTS

To date, Reef Badl have been employed in approximately 7,600 projects
throughout the World. In 80% of the cases the main objective of the
intervertion was biological enhancement and reef ecosystem restoration, the
remaining partvas aimed ashore erosion controdo.

In the following the most redvant projects providing inditians regarding the
effectiveness of the intervention and the increasethe beach after the
installation of RBs are presentedlthough very limited information was
available regarding the meteorological and marine conditions as well as design
assumptions, it is believed these paovideusefulinsights about the feasibyit

of interventions aimed at finding the best tradiebetween the need for coastal
protection and biological enhancement.

3.1 Gran Dominicus Resort and Iberostar Hote] Carribbean
Coast, Dominican Republic

The first documented projectirstly realized for koreline stabilization and
secondly for environmental enhancement and recreation, is thtae @ran
Dominicus ResortRigure3.1), in southern Caribbeaominican Republic.

In order to contrast the phenomendrctoastal erosion, a segmented submerged
breakwater made of RB units and a beach nourishment were realized offshore
the Grand Dominicus Resort, in August 1998 (Hag@€)1).

400 Reef Ball and 50 Ultra Ball moduleBaple2.1) were arranged to form 3
structures, each composed of 3 rows. The total length of the breakwater was
about 250m and the submergence was variable betweemG8d 0.8n. The
m.s.w.l was ranging between 1.6 to &0

A comparison between thedagh profiles observed at 6 and 32 months since the
end of the project resulted in an average increment of the protected beach of
about 12m (35m%m of sand volume) and a stable shoreline was observed for
the adjacent beaches (Har@€01). The three seohs monitored over time,

16
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namely the HAwest gapo, the HnHeast gap
depicted inFigure3.2.

jGran Bominicus

Figure3.1. Satellite view othe GranDominicus Resort (Googlearth, 05/19/2014
18A2006388A8306115. 2m,&b48m). el ev. O

17



Chapter 3 Reef Ball Projects

Reportedly, shorelinaacrements of 181 and 10m were respectively observed
for the Rguedd gapofor t he n &iguseB4).gapo
At fAphase 20 sofileresuledto be lstablé&iyeed.5).nWorphr
noting, this monitoring was performed by comparing the beach profiles in two
different seasonal periods, in which different beach behaviours are generally
expected (Aril 2001 and February 1999). In fact it is wkelown the cross

shore sediment transport is deeply influenced by seasonal phenomena.

In 1998, the breakwater was interested by the direct hit of the Hurricane George
(Category 3) and by the large waves pmeth by the Hurricane Mitch
(Category 5). A survey conducted after these events revealed that no modules
were displaced or damaged (Har@i807a).

In September 2001, 278 Ultra Ballaple2.1) were placed to rei@e an
additional segmented breakwater for the protection of the Iberostar Hotel,
adjacent to the Grand Dominucs Resé&ig(re3.6). 9 months after the end of

the construction a survey of both projects was comdlcthis resulted in a
slightly increment of the beaches and no adverse impacts were observed for the
adjacent ones (HarrigD02).

4
\ \
a) ‘West Breakwater Gap Beach Profile‘

April 2001 Profile

2 T
\:' \ distance = 15m distance = 8m

P
< L

\‘~, 10m gain in Small Rocks | |3-Row Reef Ball
shoreline \ Breakwater
February 1999 _¥ - l.--&--'[‘

7
0 6!

0

h 4

Elevation (meters)

0 10 20 30 40 5
Distance (meters)

Figure33. Shoreline changes f o0200l). he Awest

18



Chapter 3 Reef Ball Projects
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;‘Iberostar

Figure3.6. View of IberostafGoogle Earth, 05/19/2014 18 A20©32. 750N
68A49615. 3n,altxkI93me | ev. 0

3.2 Marriott beach Hotel, Cayman Island

The project ofa Reef Ball breakwater &farriott Beach Rsort was aimedt
producingthe shorelinestabilizationand favouing an equilibrate growth of
flora and faunathus increasinghe general appeal of the beach.

The Resort, located in the southern part of Seven Mile Beach, Cayman Island,
was affected by asignificant erosionphenomenondue to the alongshore
sediment transpartlirected from south to nortlrigure3.7).

Figure3.8 shows the alonghshore beach profile evolutirom April 1994 to
November 2002. In these years the beach retreated up to the perimetral seawall
of the hotel structure. In particular a 3@5erosion was registered from 1997 to
2002 (Harris2003).

In 2002, a segmented submerged breakwater made5wiblvs of Ultra Ball

units (Table2.1) was set up shoreward a natural rdafj(re3.9), about 49m

far from the beach. A gap between the two structures was left apptekirma

the central part of the natural reef, where the latter achieved minimum
submergence values of about 0.30 to @r6lielow the mean sea water level.

20
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The two RB breakwaters were, respectively, 48.and 29.26n long, 7.62m
and 9.14m wide, with a shmergence of 0.10 and 0.5%

' o S
f%ﬂmmm%e

Figure3.7. Satellite view oMarriott Beach Resort (Googleagh, 03/11/2014
19A1906081AR&@NKN51. 5n altG51m)e |l ev. 5
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Figure3.8. Marriot beach profiles in the period 1992@02. (Adapted from
Arnouil, 2008).
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5-row ReefBall
Artificial Reef
Submerged Breakwater

| 47 m — 43 m -
Marriott Resort, Grand Cayman

Figure3.9. Graphic representation of the RB breakwater at Marriot Beach Resort.
(Adapted from Harris200B).

In order to avoid sliding, each module was anchored by 5 fiberglass(selear
section2.3), driven through the lateral holes of the module to reach the rocky
bottom. In addition, several types of corals mweimplanted on RB surfaces
(Figure3.10) to promote the ecotourism and encoeragcreational activities

such as snorkeling and diving.

b - s =

Figure3.10. Coral on Ref Ball at Marriott Beach.(www.reefball.org).

In order to inveggate the response of the beach, several surveys were
conducted after the end of the proje&s. shown inFigures from3.11 to 3.13,
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an initial average increment of the shore line of M.Was observed from
November 2002 t&ebruary 2003Harris,2003).
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Figure3.11. Comparison between the cross shore beach profileebatiNovember
2002 and February 2003 at Southern end of RB breakwaters (12808,
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Figure3.12. Comparison between the cross shore beach profile between November
2002 and February 2003 atr®North of Suthern end of RB breakwaters
(Harris,2003).
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Figure3.13. Comparison between the cross shore beach profile between November
2002 and February 2003 at #aONorth of Southern end of RB breakwaters
(Harris,2003).

Subsequently, after the hurricane season and the tropical stdr2@93 the
beach reached a width of about B8while a complete retreatment of adjate
beaches was observed (Har#803).

After Charley (category 1/2), Ilvan (category 5) andilgnfcategory 4/5)
Hurricanesin 2004 and 2005, the state of the units was verified, resulting to be
stable and undamaged (Har2609).

In order to increase the protection of the beach from SW wavésvember
2005 the existing breakwaters, made of02thodules, was extended with 32
additional units Figure3.14). Ultimately 232 modules, at a cost of U800

per Reef Ball installed (Harrig007b), were placed for the protectiontbé
Marriott Beach.

Furthernore, approximately 16*m of beach nourishment were placed along
3km in the southern Seven Mile Beach area, including the Marriott Beach
(Harris 20073).

An extensive monitoring of the beach profile between November 2002 and June
2008 was performed by Aouil, 2008. Results are shown kgure3.15 from
which an overall increment of the beach from3®14m to 7.62- 21.3m can be
observed.
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5-row ReefBall
Artificial Reef
Submerged Breakwater
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Figure3.14. Original scheme of Reef Ball submerged breakwaiérsred circle
identifiesthe area of the subsequenpansion of the structurgé&\dapted from

Harris,2003).
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Figure3.15. Beach linesifter the installation of Reef Ball Breakwaters at Grand
Cayman Marriott Hotel during the period 202308. (Adapted from ArnouiR008).
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The first biological moniring was conducted in Febru&@03 three months

after the end of the project) and a sigant growth of marine species was
found. Some photographic documents of the biological enhancement produced
in the period 2002008 are shown iRigure3.16.

Figure3.16. a)Encrusting Gorgonia; b) Finger Coral and hermit crabs; c) several fishes
including Yellowstail Snapper, BladWargate and Schoolmaster; dys®fishes
belonging to the family of Snappers. (www.reefball.com).

3.3 Maiden Island, Antigua project

The Maiden | slandendinnheéeg@uiangvasprao]jfekci
realization of an artificial fringing re&tFigure3.17).

2 Coral reefs are generally classified in: fringing sgbhrrier rees and atolls. The first
one is the most common type of coral redfaracterized bthe absence oé backreef
(lagoon) This peculiarity makethem the most vulnerabte pollutantswhichc an 6t b e
properlydiluted. Less diffusé then the previoudarrier ree$ aregenerally located in
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The main goals of this project were, on the one hand, to recreate the nafural ree
destroyed by the 1995 Hurricane Luis (category 4) and, on the other hand,
foster the ecotourism and protect the beach nourishment.

Figure3.17. Satellte view of Maiden Island, about OMSN off the coasof Antigua
(Google Eartt/2/2015, 17°076834.52 N61°446 ©510 O, 14 knealt.15.49km).

In this project 1,200 RB module$dble2.1) were employed, placed at depths
ranging between and2 m., For large parbof the structurethe modules were
arrangedin 5 rows and different snorkelling and diving paths were realized
(Figure3.18).

Modules were anchorebly means of4 different systems, namely fiberglass
rebar, conesspikes and battered concrete piles with fibreglass rebar (see
Section2.3).

About 5,000 new corals were placed on the surface of Reef Balls, as well as
17.4tons of adults corals, taken from Antigua Island whereirenmental
conditions were compromising their life.

the Atlantic Ocean. In this casthecoral reef is linear and detached from shoreline by
a wide backreef. Atolls are circular coral fieeharacterized by a large lagodrhey
are mostly spreaith the Pacific Ocean.
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Maiden Island Windward
Monitoring Key & Tral Guide
(Draft 11/23/03)

Figure3.18. Plan view of Maden Island submerged breakwateww.reefball.org).

In order to avoid the expansion of algae and favour the growth osc&@0

sea urchinsEchinometra lucuntgrwere inserted into grooves realizad-hoc

on Reef Ball surface~gure3.19).

According to the indications provided by the Nova Southeastern University
FL,USA (www.reefbal.com), a number of modules were filled for ethérd of

their height with stones to reproduce the typical habitat of juveniles. Moreover,
some units were equipped with meshes to attract young lobsters.

Several pinnacles were built for spawning proteciionthe area offshore the
barrier (represented by violet lines irigure3.18). The layout of these
structures wasxpresslydesigned so that juveniles could be transported by
currents to the back of the reef, findiprotection from predators.

Throughout the structure, corridors were provided to allow fish migration from
shallow to deep water.

One peculiar aspect of this project is the installation of Reef Balls lifted from
the bottom through the use of dedicatagmorts Figure3.20). This way it was
possible to preserve the seagrass representing the habitat for the conch
Strombus gigasWorth noting, the preservation of seagrass also produces
important consequences from angineering point of view, because roots are
able to limit the sinking of modules and generally allow to avoid the use of
geotextiles.
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Figure3.19. Sea Urchin into Reef Ball lateral groove (www.reefoalhn).

.

Figure3.20. Marine life under :[he base of a lifted Reef Balv.reefball.conp.

The environmental response to the installation of the fringing reef was
monitored in 2010. The results showed a general increase in the number and
type of marine species in the area, in particular several spawnstjahus
grisou, 73 different species of fishes, 71 of invertebrates, 30 of corals and 26 of
algae(Figure3.21).
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Figure3.21. Colonization of Reef Ball surface 7 ysafter the end of the projeel)

numbers of fish including French Grunt, Tomtate and Sailors chaip€orgonia c)

Branching fire coral and the Finger cord) Several marine organism including
Spotfin Butterflay Graved Brain coral and an Anemone. (www.reefball.com).

3.4 Venice lagoon, Italy project

At the time being,he only significanRB project realizd in Italy is that otthe
Venice lagoon. This project was completesth March 2012 for the
morphological and environmental recovertiog area of the channel of Bastia,
close to thd_ake of Ripola ando the access to théenicelagoon Figure3.22).
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)
FrampVvenicel
//I ‘ s

‘Lake of Ripola

Figure3.22. Satellite view of the_ake of Ripolaand surrounding are&bogle Earth
3/28/2015; W“WHBARDDI@ANQ .OBINE.,70.4kne v .

This intenention was requiretdecausdhe intensification of currents directed

to the lagoon and the deepening of its accegsm$ormed on behalf of the
MOSE prgect, produced an erosion ¢iefi Bar ene o a’racasfiove | me
contrast the lasof sedimerg, a 3Km long submerged levee was realized,
made of gravdy material] confinedthroughgeogrid This barrierwas realized

at a distance of 50 from the mouth of the portnlorder toallow a certain
degree ofwater exchange, a 200 long permeablesubmerged baier was
realized through artificial module83 ofwhich were Reef BallsKigure3.23).

In particular, Goliath Baltype modules Table2.1) were arranged in 3 rows,
with a distance between units ofril Units were placed on a gravel confined
mattress, characterized by a height ofl And by a crest width ofr@. The total
height of the structures (including Goliath Ball and mattress) was about of
2.40m with a submergemcof 0.20m. The main characteristics of the Reef Ball
structure are shown irigure3.24.

®Thevenetanwod a6 Be o i ndicates the vegetated a
describes the submerged areas emergnhgduring low tide periods.
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‘Reef Balls

Figure3.23. Satellite view othe Reef Ball barriein the Venice lagaoo, Italy (Google
Earth 3/28/20132A43A3%3@0 tn3atF9ans| ev. O

|
0.2

matress
geotexile =

T

Figure3.24. Crosssection of the Reef Ball structure betVenice lagoon, ltaly project
(measures in meters).

To favour an environmental enhancemergbout 10 Ostrea eduliswere
implanted orsurfaceof each unit The biological response was monitored over
time and already 20 days after the end of the project the colonization of Reef
Balls by different typesof sea pecies was observed such assponges
brotozoan, greealgaeandbrown algae hermit crabsandsnails(Figure3.25).

In Figure3.26 the presence of marine organsin Septenber 2013is also
shown
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7 i . J“ - e
Figure3.25. Reef Ball surface in May 2012. a) Green algae and hermit crabs; b)
Sponges Brotozoamvivw.reefballitalia.ij.

Figure3.26. Reef Ball colonization in September 2afy8bivalve molluscs (oysters),
calcareous red algae and Porifera sponges. (www.reefballitalia.it).
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Chapter 4 i STATE OF THE ART ON SUBMERGED AND
L OW-CRESTED TRADITIONAL
BREAKWATERS

4.1 Wave-breaking occurrence and nacro-features

The wave breaking is one of the most important turbulent energy dissipation
processes influencing coastal dynamicss ltlefined as the transformation of
the particle motion formthe irrotational to the rotational state, generating
vorticesand turbulences (Basco, 198%his phenomenoplays a central role
not onlyin the reduction of the wave height, but aleathe wave set upét
down andn thecreation ofnearshore currenta/hich arean important facton

the sediment transportation.

This local and nosstationary phenomenon typicalbecursin the open sear
during the wave propagatidnom deepto shallow water. In théormer case,
waves | ose their stabil i toynthelatiergasen at i n
the breakingoccus when eithera steepness limit or a depth linaite reached
Apart fromits natural occurrencayave breakingijs often induced by coastal
defence structureasamain mechanism fahe energy dissipation.

Although several studies have bemmried outo define suitablevave breaking
criteria for natural beads (Stokes, 1847, 1880; Miche, 1944; Battjes and
Janssen, 1978; Goda,1970;mfzhius, 1991)pr induced by structures (Dean et
al. 1997; Ranasighe and Tem 2006, Calabrese et al., 20p8® studes have
been performedo datein order to investigatevhetherthe presence of RB
structures is able to induce the wave breakingtarassess itg/pology. These
aspectwill be investigated irSectionChapter 8

In the following a review of the state of artoncerningthe occurrence,
classification andvave breakingriteriafor natural beaoksand in presence of
submergedraditionalstructures is reported.
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4.1.1. Wave breaking phenomenon in natural beaches

4.1.1.1. Occurrenceof wave breakindor flat or gentle slopedatural beacks

The first stuées conducted for gentlslopedbottons (slopes in the range of
1:100 1:50)arethoseproposed by Stokes in 1847 and 18B0these studes
focused on regular wavethe ingpient breakingvas defined as the condition in
which the horizontal component of the wave velocity at the cesgials or
exceedshe wave propagatiocelerity.

According to these studigbewave breakingan beexpressed by two different
breakerindices the 5, index, identifying the achievement of a limit of wave
steepnessiefined asthe ratio between the incident wave height, and the
deep wave length,o; and theH;/d index, addressing the exceedance of a given
incident wave heightwith respect to the water depthd. The former index is
typical of a deep water breaking criteria, while the latter is most commonly
used inshallow water.

Starting from the previous stigd, several Authors focused on the identification
and definition of an incipi® wave breaking condition, mainly through
experimental tests.

A shallow water breaking criteria was proposed by McCowan (1894he
case ofsolitary waves shoalingon a quasthorizontal bottom (1:100). The
Author defined that the wave breaking occdrighen the wave height at the
condition of incipient breakingquals0.78 the water deptfEq.4.1).

o U (4.0

It is worth noting that in the pvéeus Equation, and elsewhere in this Thesis,
theb subscript refers to the incipient wave breaking condition.

The aforementionelimit was sibsequently increased by Southgate (1995) to a
value of 0.83while 0.55was proposed by Le Meha&ullsop, 1999.

In 1944 Miche proposed a sertieoretical breaking criterion for periodic
waves expressed by the followingeneral Equatian

35



Chapter 4 State of the Art on Submerged and l-orested Traditional Breakwaters

(&

By applying the Equation above in deep water, the Author retriavddep
water breaker indeaf 0.88 similar to that observed by Southgate (1995).
Subsegently, Danel (1952) modified therevious wave breaking criteria
proposing a coefficiergqual t00.12 instead of 0.142. Tvariationreturneda
breaker index equal to 0./810re similar tahat proposed by McCowan (1894)
than to the others

4.1.1.2. Occurrenceof wave breakindor sloped natural beaches

The mostwidely employed criteon for identifying the wave breaking for
sloped natural beaches and for the design of structisethat proposed by
Weggelin 1972 (Allosop et al., 1998 Analysing regular wave, the Author
developed the following shallow water breaking crdari

0O w
Q ~ Q (4.3)
P Way

wherethe wave breaking conditids assumed as a function of the wave Erio
T, of the water depth at the incipient breakidg,and of the seabed slopme,
by means othea andb coefficients reported below.

4.4
O p® Fp ADDbp @a (44)

© T&u ADPp @ (4.5)
In the previous Equationg,andb decrease as the slope bottom decreases

they reactconstant values. These arespectivelyzero and 0.78 ithe case of
an horizontal bottom.By substituting thee values ito Equation(4.3), the
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model provides abreaker indexvalue of 0.78, i.e. thesame proposed by
McCowan (1894).

SubsequentlyGoda (1974proposed an alternateiterion after the analyses of
the experimental data obtained by several researchers (lversenl; 195
Mitsuyasu, 1962 and Goda, 1964ummarized in Equatio(d.6). As it is
possible to observe, the breaker index increasesagsiHy/Loterms do.

0 s ,
5 T®Xp Qonpd—p po (4.6)

In the same yearBattjes(1974)observed that theave breaking phenomenon
is able tadirectly and indirectly influencehe mainhydraulic properties of wave
shoaling( e.g. phase difference across the surfzoneupyrsetup, reflection)
and that these are governed, to some extenthéoypec al | edi mLbaf it
parametera: The latter al so known as ifidefinedlasther e n
ratio between the slope of the bottom, and the root square of the wave steepness
(Eq.4.7).

a

Y 4.7)

The studyalsoshowed that the siisimilarity parametecan be used testimate
the wave breaking limit ando classify thetypology of breaking from a
macroscopic point of vieGalvin, 1968).

Similar considerations were done Wgibarren and Nogales (1949who
identified the conditionof incipient breaking for values o approximately
equal to 2.3.

Subsequentlythe formula by Miche (1944) was modified by Battjes and Jansen
in 1978 and by Ostendorf and Madsen in 1979.

The former suggested toclude the ratio betven the breaker indexH;/d) and
0.88 in Equation(4.2); furthermore, the breakendex was considered a
adjustable parameterhosebest fit was foundte.8 (Eq. 4.8).
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O ~ .~ . C'Q

Ostendorf and Madsen (1979) proposed to include the bottom slope in
Equation(4.2), thusobtaining two different equationdq.4.9), valid in two
different ranges of bottom slopes:

C“ ’Q
i‘)

C“ 'Q
6

® OAT 8 va Qe G T

(4.9)

™ OAT By ™ QEw@ T

<6 | o

Another stidy addressing breaking conditiongas that proposed by Moore
(1982) who assumethe wave breaker index as a functiontioé deep wave
steepness and of the bottom slophis led toEquation(4.10), wherea andb
are the same previously defined in Equati@i) (4.5).

o . -
— O WY -

0
= 4.10
5 = (4.10

In 1991 Kamphuis developed a new criteftat identifying the breakingof
regular wavesstarting from the model of Danél952) and introduci the
exponential form of the bottom slope int® formulation

c

O ]
— 1 cQona OAIl (4.11)

V)

Moreover after calibratingthe model forirregular breaking wavelata, the
Author proposed the followingnodification

0 e
S TG RG omﬁ%— 4.12)
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where,Hsy, is the significant wave height at the incipient brakiagdL, is the
wave length calculated afunction of the wave peak periot,.

4.1.1.3. Wave breaking classification based on macroscopic wave features

Further tothe definition of the breaking conditio@alvin (1968) proposed the
following typologicalclassification ofthe breakerbased on shape asttength
of the jetat the incipient breaking.

In particulay the Authordistinguished:

7 fAp@llingd brieaker
T Aplungingod breaker
1 A s ur gliapsigg bceaker

Spilling and plungingbreakers are both characterized by tlaensoverall
mechanismbuttheydiffer for thescale of the process (Basd®85).

The plunging breaker isharacterized by aoc a | Iplengingfjed (Figure

4.1a), startingfrom the crestoverturning, and reaaiy the water surfacat the
socal | ed A plouFidggre 4nlly). Tiisocauseta surface disturbance

cal | ed , dhd thdertesimgof the plunging jet in theoncomingwave

trough Figure4.1c).

Since the horizontal velocity components are opposite to the wave propagation
direction, the plunging jet is pushed backwards and towards the crest, where the
velocity component and the wave propagation are equally directed. T
generates the swmalled "plunger vortex" immediately under the wave crest,
which traps and compresses an air core. The creation of air bubbles and the
sudden air ejection from the breaker follow. The plunger vortex also translates
horizontally, pusheson the oncoming trough to create a secondary wave
disturbance and increases the size and strength of4heasb| ed MAsur f ac
which was generated by the splaBlg(re4.2).
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a) b)

SURFACE
¢ ROLLER

TURBULENCE
GENERATION ZONES

Aw’-\—/
Figure4.2. Graphical representation of the plunger vortex and of the surface roller
(Basco,1985.
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Subsequentlythe plurger vortex tents to extinguiskifure4.3a) while the toe

of the surface roller slides down until it reaches the trough of the oncoming
wave (fAequi | iFlgure4.8binAfterdahssithe shape of the breaker
changes very slowly.

a) b)

Figure4.3. Plunging breakers toward the equilibrium position. (Basco, 1985).

As discussed by Galvin (1968), four characteristidises can be identified in
a plunging breakeRjgure4.4):

1. section at which the wave becomes instable;

2. section at which the wave front becomes vertical (incipient wave
breaking condition);

3. section at which the phging jet impacts on thencoming wave trough;

4. section at which the splash impacts on the free surface.

These sections also allow to define the approach distancéhe plunge
distancex,, and the splash distanog,

The main differences between plumgand spilling breaking are related to the
strength of vortexes and the consequent presence of air accompanying the
macroefeature of wave breaking. In fact, while plunging is characterized by a
plunger vortex stronger than the surface roller and byudibles Figure4.5),

in the spilling breaking the plunging jet impacts with the free surface very close
to the wave crestHgure 4.6). This causes that no air is entrappd®sd the
plunger vortex that is weaker than the surface roller.
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=
A_pprnan:h Flunge Splash |
Distance | Distance pistance |

@ % ?Kp ﬂ%) X5 G}*}

e b el |

——— ———e T
'F RS e —

i

——_

Figure4.4. Breaker travel(Galvin, 1968).
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Figure4.5. Evolution of a plungindpreaker.

TNV NARL Liitof urbulence b\'lf\-.,‘“_

o Vi 7 I

Figure4.6. Evolution of a spillingoreaker.

Differently from thetwo abovementionetlypesof breaking the collapsing one

(Figure 4.7) is characterized by a wauweak that occeratthewa v e 6,s t 0 ¢
accompanied bthe creation ofoam and air bubbles.

As regards the surging breaking, it is quite similar to the previous one but,
instead of the collapse of the wave, it shows an unbroken wave profile, with the
lower part of the wave characterized by some air running up to the shore
(Figure4.8).
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_—

CswL \

COLLAPSING e

e

Figure4.7. Collapsing breaker. (Galvin, 1968).

_SWL__ . T

Figure4.8. Suging breaker. (Galvin, 1968).

In addition to the above, Galvin (1968pserved thathe spilling generally
occursin the case of gentlesloped bottomsand steep waved-urthermore,
spilling breaker tenslto a plungingor a collapsing/surgingpne as the bottom
slope increases and the wave steepness decreases.

More specifically,the Author observed that the wave breaking shapebe

classified according to the stgimilarity paramete(Battjes, 1974)

1 Spilling \p<0.5;
1 Plunging 0.5<%<3.3;
1 Collapsing/surging vo>3.3;

4.1.2. Wave breaking for submerged breakwaters

Several studied are available in literature for the prediction of wave breaking
induced by submerged breakwaters. In,fdet main purpose of a convemal
breakwater is to force the breaking of higher waves, to induce a turbulent
energy dissipation phenomenon, which is generally accompanied by a reduction
of the transmission coefficient. Nevertheless, wave breaking often determines a
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scour at the toef the structures and the suspension of sedimentary material,
which is often carried away by coastal currents. Moreover, it is able to induce
hydraulic gradients, which may lead to erosive currents in the nearshore area.
For all the reasons abovéie wave breakingrepresents one of the most
important aspestto define for a proper design of a structu@me of the first
studied aimedat the prediction ofwvave breakingoccurrence for submerged
breakwaters was that proposed by Nakamura et al. (1966). ThHeorAu
analyzing 2D experimental data conducted with regular waves and impermeable
structures, proposed the graphown inFigure 4.9, allowing to distinguish
breakingfrom non-breaking waves. Téthreshold givenin the graph depend

on three main parametetbe deep wave steepnebig/Lo; the ratio between the
submergence of the structuiee (defined as the difference between the water
depth,d, and the height of a structurég) andstructure widthB; andRc/Ly.

In particular, as it is possible to obserm Figure 4.9, the curves
characterized by constant value oRc/B allow to define an upperegion,
characterized by the absence of wave brealamgl a lowerone, where the
wave breakingoccurs FurthermorgFigure 4.9 shows that an increase of the
width of the structure(i.e. lower Rc/Bvalues) corresponds to upper curveth

an increase in therobabilityof observing thevave breaking
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Figure4.9 Wave breaking limit (Nakamura,1966).
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In 1991 Smith and Krouse analyzed the breakmfigregular wavesn the
presence of natural bars and submerged breakwaters. The Authoredlkatv

the breaking indexyp/d, increases as the Irribarrgrarameter o, increases

until the latter reaches a value of Qw8bile for larger values decrease iithe
breaker index was observeedure4.10).

This different behaviour was attributed to the influence on incipient wave
breaking condition of an offshore current velocity. In particular, it was observed
that, for higher values of the aforementioned current velocity, the wave
breaking occurred beforbe attainment of the limit value of the wave height to
depth ratio.

Hy/dy
15 ' i

ng r

oy r

0.5

—_— k. _k
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] ns 1.0 15 20 23 30 33 A%

Figure4.10 Wave breaking index for bar profdéSmith and Kraus, 1991).

Moreover, according to the Authors, the aforementioned curhaat a
destabilizing effect at low values &f. In fact, as it is possible to observe in
Figure4.11, thexy/Hp, ratio decreases agincreases, until it reaches a constant
value for highen,. The Figure also stws that flat bottoms are characterized by
higher values of the plunge distance than the sloped ones. An influence of the
Iribarren parameter was also observed on the ratio between the plunge point and
the splash oness. In fact, the ratio/xs decreaseasV, increases in case of bar
profiles, while a unit value was obtained in the case of a flat bottamas also
observed that for a given wave steepnessHilid, ratio decreases as the bar
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slope increases; while for low values of the wave steepnessathe satio
assumes higher values than those retrieved for high wave steepness.

In the same study, a classification of the wave breaking was conducted
according to that proposed by Galvin for natural beaches (Galvin, 1968). The
results, summarized ifrigure 4.12 show that in case of bar profiles the
transition between different types of wave breaking occurs at values of the
Iribarren parameter lower than those referred to flat bottoms.

Xp/Hb
8.0 P

— Barred Profiles

-=- Plane Slopes
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401

3.0

201

1.0 l 1 L L | 1
0.0 0.5 1.0 1.6 2.0 2.5 3.0 3.5

Figure4.11. Influence of the Iribarren parameter on ¥y¢o Hy, ratio (Smith and
Kraus, 1991).
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Figure4.12. Types of breaking forplaneslopesand for farred profiles(Smith and
Kraus, 1991).
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In 1992 Hara et al. analgd the occurrence of wave breakimgrforming
extensive numerical experiments on the transformation eblaéary wave
passing across an impermeable trapezoidal type breakwater, located on
horizontal sea bottonAfter regression analyses of the numerical computations,
thestudy demonstrated thatn i ncr e me nt o0 ftorréspordsolmaa r r i €
largerprobability of wave breakingvhile thewave morphologylays a minor
role.

Differently from natural beaches, whetbe breakingwas assumedo be a
function ofthe slope of the bottom and of the wave steepness(itmbugh the
Iribarren parameter) in the case ofstructures the dependency on the
submergencemust also be taken into accountln particular the Authors
modified thesurfsimilarity parameter according to the followifguation for
trapezoidal structuresith heighths and widthB:

(oY (TN oY (o)

. (4.13)
Q o®O0AI orqQ 8

In the previous Equatiord and H were computed at the offshore toe of the
structuresdifferently from what discussed

Differently from what observed for natural beaches, the breaking probability
increases with the modified stgimilarity parameer. Moreover, as already
observed by Nakamura et al. (196@)e breaking probabilityincreasesat
increasingcrest widtts and submergences

All the studies described above did not explicitly address the influence of the
porosity of the barrieon the beaking phenomenordne of the firststudies on

this topicwasthat by Hattori and Sakai (1994 whichthe occurrence and the
typology of wave breaking for structures characterizedfivgd shaps and
different porosies(0 to 0.52) were investigated.

The Authors observed that the wave breakimgnfluenced by an offshore
currentover the breakwatgethe intensity of which decreases as the porosity of
the barrier increases. iBcurrent determines the collapsing of the waves when
the latter achiewea limit steepnesglefined by the followindzquation: .
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¢cO6 Q
5 o) o o (4.149)
In this Equationthe hydraulic characteristics are computed atdfishore toe
of the structureois calculated by means of &ation(4.13); Ay is a function of
the relative submergenc®c/d and of the permeability of the structuré,
according to Equatio(®.15).
As a consequence, the increment of permeability corresponds to an overall
reduction of wave breaking probability.

o) P T[ES)CE ™ Qon - (4.15)

In the addition to thelmve,the Authors proposed the followirtiggo Equations

for the definition ofthe location of the breakeEquation(4.16) provides the
minimum value of wave height necessary for the wave breaking on the crest of
the structures, while Equatiof@.17) returns the maximum value after which
breaking occurs on the offshore slope.

-1

Qo8 o (4.16)

c=| <

-1

c=| <

Qopg- T (417)

Furthermore the breakg point was found to be influenced by the permeability
of the structurgas well as byHy/Lo andRdL,, as pethe Equation(4.18). It can

be noticed, the breaking moves from the slope of the structures tcsttaisithe
permeability increases.

w L
- U E&
0

"O .Y T
= - 4.18
5B pg- T (4.18)
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A subsequenstudy conducted by Kawasaki and Iwét@96) on impermeable

and rectangular structures with monochromatic wavesdetined the
importance of the crest width on thwve breakingphenomenon. In particular

the Authors observed a reduction of breaker inolgourringat increasingrest
widths and & decreasingelative depth. Moreover a reductionof the limit of
wave braking leadgo a shoreward motion of the breaking point.

Kawasaki and Iwata (200Xurther proposed a breaking index based on the
ratio between the incident wave height and the submergence of the structure, on
the basis othe results onexperimental aapaign on impermeable submerged
breakwaterswith trapezoidal sectionAccording to this studythe offshore
slope of the barriet, a ,ndtles not influence the breaker indexa significant
extent,butimpacts on th@osition ofthe breaking pointhat moves offshore as

the offshore slopes increases.

The Hi/Rc term was assumetb be afunction of the ratio between the water
depthand thethe incident wave lengitd/L;. In particular the breaker index
increases ad/L; increasesindependently from theabe of the barrier.
Subsequently, a new study was conducted by Calabrese et ala)(20@8 the

aim of indentifying the macrefeatures and the incipient condition of wave
breaking in the presence of submerged breakwaters. The Authors classified the
wawve breaker by means tfe visualanalyss of 2D regular testg€onductedby
varying the permeability and the offshore slope of rubble mound submerged
breakwaters

In particular both hydrodynamics and morphological consideratiovere
employed as discrimating criteriafor the identification of: theincipient
breaking conditionthe shape of wave profile at breakirand the breaker
evolution. On the bas of the first two aforementioned aspedtsee Authors
identified the following main typologies of wabeeaking:

1 Aspiol Ibirregak er ;

T Al ungingd breaker;

T Aboreodo breaker;

T Acol l-apsginggo breaker;
T At wtem breaker.
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While the first twotypesare characterized by breaking ocoougrat the wave
crest, the othersorrespond t@ rupture at the toe of threave.

In agreement with the classification proposed by Galvin (1968) for natural
beaches,hte Authorsdefinedthe spilling as the breakingharacterized by a
plunging jet weakly impaatg close to the creshot accompaniedn increment

of the wave steepss norby air bubblesunder the wave trougfFigure4.13).

In a similar fashion, the plunging breaking is very similar to that characterizing
natural beaches, i.e.it occurs when the presence of air trapped blyrgerp
vortex is significantigure4.14).

Figure4.13. Evolution of aspilling breaker ora conventional breakwater. (Courtesy of
M. Buccino).

Figure4.14.Evolution of aplungingbreaker ora conventional breakwater. (Courtesy
of M. Buccino).
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Moreover intermediate cases weallso observed and classifiads spilfing-to-

pl ungi ngAsitloan beabsezve in Figure4.15, this typology of wave
breaking is characterized bypiunging that detachesrom the cresteand then
impacts very close to the wave crestilarly to the spillingas well ady the
presence ofiaunder the wave trougtas typical of a plungingrhese types of
breakers were observed by when the structure was wide enough, compared to
the incident wavelength (Calabrese et al., 2008

All the previous types of breaker exhibit a steep wave profifereas the bore

type one is characterized by a nearly horizontal stretches, connected by a central
bore. This bore originates from one or more plunging jets, detaching from the
wave crest, and stationary evolves on the crest of the breakWwiaere4.16).

In some cases, the Authors observed that, after a firstligereupture, the
breaker evolves in a way quite similar to the spilliagplunging one, i.e. with a
descending slope profile in the offshore directi This hybrid breaking
condi tion waspilimgdotpll auch gii Braieigure4.1d.a k er (
Bore breakers were typically observed by the Authors in the case of permeable
steepfaced breakwaters (1:2 slope).

Figure4.15 Evolution of aspilling-to-plungingbreaker ora conventional breakwater.
(Courtesy of M. Buccino).
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Figure4.16.Evolution of aborebreake ona conventional breakwater. (Courtesy of M.
Buccino).

Figure4.17.Evolution of a borespilling-to plunging breaker on a conventional
breakwater. (Courtesy of M. Buccino).

The collapsingand the siging breakes are characterized gy plunging jet that
detachedrom thelower part of the wave profile and byrese in slope towards
offshore directionIn particularsimilar tonatural beaches, the first breakeas
identified by a collapse in the lowgart of the wave profiléFigure 4.18 a),

while the surging one by an unbroken wave prdfiigure4.18 b). This type of
breaking was observed only for impermeable dadpfaced structures (1:2).

Two different types of intermediate breakings were also identifiedelyatine

icol | iabposrienog and tihspillingitemll U mgisn gndg. The
typical of lower heights, feature a wave profile on the top of thakirater

similar to an hydraulic jump; the latter is characterized by a supplementary jet
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projected forward from a skewed wave crest on the crown of the structure, and

a wave profile with a descending slope in ¢fffshore direction.

Finally, the Authorsdentified the sec al | edt @pwobr eaker, m
different and subsequent wave ruptures: a first characterized by a plunging jet
moving from the middle part of the front; and the second, similar to a spilling
to-plunging breakerHigure4.19).

o

Figure4.19. Example of a twestep breaker. (Courtesy of M. Buccino).

This type of braking was observed only for 1:10 seaward slope breakwaters,
exposed to longer waves.

The Authorsalsoidentified the condition of incipient breaking for permeable
and impermeable breakwageaccordirg to the followingEquation,originally
proposed by Goda (1974):
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0 &b Qe pl (4.19)
Yo °veP N PYT '

In the previous Equatior represents a tuning parametehich varieswith the
permeability,P, andwith the offshore slope of the stiture(Eq. 4.20):

6 ™ ROM G T WAT (4.20)
Results of the analyses were summarize@ igraph shown inFigure 4.20,

allowing to classify the wave breakebased ontwo nondimensional
parametes.

0 -
Y | —AJDbp&l (4.21)
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N (4.22)
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Figure4.20. Breaker type parameterization.

The Authors observed that the collapsing breakas the only one occurring
for Ry >3.5. Conversely,for lower valuesof Ry it was possible tmbserve
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different breaking conditions and ¢tassifythemaccording to theg parameter.

The spilling and plunging breakgroccurred forvs approximately less than
1.7 1.8 while the bore breakewasmainly observed irthe case of permeable
and steegaced structureswith 5> 2.4. A transition region where boie
spilling-to-plunging breaking is more likely was also observed between 1.8 and
2.4.

4.2 Wave transmission for submerged and lowrested
traditional breakwaters

The wave attenuationphenomenon induced by tl@roduction of anearshore
breakwateris one & the most investigad apects of the wavebarrier
interactionand definitelythe primary effecto studyfrom an engineering point
of view. Thisis generally measured llye transmission coefficienr, defined
as the ratio between the wave height shoreward the baraesiftitted wave
height,H;) and that immediately seaward of it (incident wave height, This
coefficientprovides aconcisemeasure of the degree of protection afforded to
the coast.In the following a revew of the main studies availabla the
literature for the assessment of the transmission coefficiencasiventional
submerged and lowrested breakwaters is presentedFigure4.21 the main
variables that influence the transmission proeesshown

H, Ty
A e T
swi /f
B (-)F
(HF / \

ad

Dys0 (Ms5) hs
Aorr ap, f

Figure4.21. Graphic representation of the main geometrical and hydraulic variable
influencing the transmission process
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One of the first studiemvestigaing the transmission coefficient at submerged
breakwates was produced byDattatri et al. (1978). In thistudyseveral typs
and shapgof permeable and impermeable subreer@preakwaters were tested
with 2D regular waves

The influenceof severalgeometricaland hydraulic characteristics ¢fx was
investigated namelythe crest width,B, the crest freeboard (defined #se
difference betweethe height of the structurks, andthe water deptid), F, the
incident wave heightl;, the water depthy, and the incident wave length,
Resultsfirstly indicatedthat the relative depth of the crest submergeridd,
plays the major role in influencing the performance of an impermeable
submerged breakwaters. This results also applies to permeable structures since
the energy transmitted across the structure is d pmaentage of the energy
transmitted over the cresthe study also showed thi&t generallyincreases as
F/d increases. Moreover, for large valued=ad (0.2 to 0.4) anrifluence ofthe
relative depth of wated/L; was also observefthe largerd/L;, the greater the
transmission), as a consequence of deeper water wawksmore energy
concentrated near the surface, easily transmitted across the structures.
Another significant parameter wadentified in the relative crest widthB/L;.
TheAuthorsalsoobserved a decremeoit K at increasingB/L; values,until the
transmissiorassumes a minimum value, dependind=toh After this minimum

is reachedKr tends tofurther increasewith B/L;, beforestabilizing around an
asymptoticvalue(Figure4.22).
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Figure4.22. Transmission coefficient versuslative crest width for differerft/d
values(Dattatri et al. 1987).

Similarly to whatobserved by Goda et all967 and byJonson et al(1951),
the transmission coefficient appsdo be not significantly influenced by the
incident wave steepness$ji/L; when this parameterreache high values
(0.0370.083 according to &tatri et al.,1978)
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On the base of about 108 @st performedon submerged breakwaseGomez
and Valdéz (1990ronfirmed the dependence Kf on the ratio between the
crest width B, and the deep wave lengths. Furthermorethe dimensionless
parameterH;/d was observedto influence the amplitude oflte transmission
coefficient(Kt increases at increasiiityd), as shown irFigure4.23.
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000 olo 03  odc odo  od0 080
B/Lo

Figure4.23. Transmission coefficient versuslative crest width for diffeentH;/d
values(Gomez and Valde4,990).

In order to take i account the wave breaking new parameter was
introducedby Gomez and Valdeshanely 3B/F, where>> i s t he
parametercomputed according to tHellowing equation:

01Q
3 (4.23

’

In the previous equation gt theseawardslope of the structurandsy is the
deep water wave steepneldg] o.

In 1990 a new formuldor the prediction of th&t was proposed by van der
Meer, o, the basisof the testsby Seelig (1980), Allsop (1983), Powell and
Allsop (1985), Daemrich and Kahle (1985), Ahrens (1987) aard der Meer
(1988). In this case Ky was consideredo be a linear function of the
dimensionless parametdf/Hg, according to thefollowing experimental
formula
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f AY A (4.24)

where Hg; is the incident significant wave height atite coefficiens of the
linear regressiara, andb areequal to-0.3 and 0.46respectively

The Ejuation(4.24) returns valuesargerthan 1 for lowrelative submergenes
(F/Hsi< -1.13) and valueslightly larger tharD for structures characterized by a
considerable relative freeboardF/idsi> 1.2). For this reasonghe Author
suggested to employ the previous equation the range of values
0.2<F/Hg4<1.13 In fact constant values oK: equal to 0.8 and 0.1 were
observedrespectivelyfor 1.13< F/Hg; < 2 and-2 < F/Hg; < -1.2 (Figure4.24).

Transmission coefficient Kt

ol L Lol
2 -5 -1 =5 0 5

Relative crest heiaht F/H
Figure4.24. Wave transmissionevsusrelative crest height (van der Me&g90)

Ore year later,a new formula for the prediction of wave transmission at
per meable | ow crested structures was
thesis (Daemen, 1991) and subsequently published by vaMeler et al.

(1991).

The latter was based on 316 tests; in fact da¢a set employed byan der
Meer(1990) was reanalyzedexcluding data byAhrens(1987), due to the
differenthydraulic responsef reef breakwater tested this studywith respect

to that ofthe othersAccording to the Autha, part of the scatter previously
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observedbetween predicted and calculatiég was due to the permeabiliy of

armour layer, in particuldor structures with crest slightly abowes.w.|.

The formula proposed hadhe samdinear expression oEquation(4.24), but

the ratio between thieeeboard anthe nominarock diametef of armour layer,
Dnso, was introducedEq. 4.25).

0 O=— O (4.25)

The slope of the previous equatiam,is afunction of therelative wave height,
Hsi/Dnso

A nﬁtoé— T® T (4.26)

Interceptb depend®n Hi/Dy 50, B andonthe wave steepnessy:

. 8
A m@p uvg O T[8IOC§(6— BT p ¥— (4.27)

The wave steepness is defined as ¢* 'O j 'Y, i.e.the ratio between the
significant incident wave height and the deep water wave lebgilcalculated

in function of the incident peak wave peridg.

The validity of Eq.(4.25) is limited © 1<Hs/Dns50<6; 0.01< 5,,<0.05 and
0.075<Kr<0.75. A comparison between the measured and predicted
transmission coefficient is shown kiigure4.25.

* The nominal rock raterial is defined athe cubic square of the ratio between the 50% value of
rock mass distribution curv®)s,, and the rock density,.

60



Chapter 4 State of the Art on Submerged and l-orested Traditional Breakwaters

restriction _1<Hi/Dn50<6 and 0.01<§,<0.05
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Figure4.25. Comparison between measured and calculated transmission coefficient
(Deamen1991)

One of the most employed design equaiisnthat proposed bgg 6 An gr e mo n c
et al. (1996). The Authorsextended thelatabase employed in Daemen (1991)

with 82 tests coducted atthe Delft Hydraulics. Including impemeable
structures andconsidering only datacharacterized by-2.5< F/Hg<2.5;

Sp< 0.6 andHs/d <0.54 the Authorsdeveloped the following predictive
transmission formula:

+ e

n 8
(ﬁ op A B — (4.28)

—~

where x is a coefficient equal to 0.6fbr permeable structureand 0.8for
impermeableones. 3y is the Iribarren parametemiven in Equatio (4.29),
where gyis computedising the wave peak period.

01Q
8 (4.29)

’

Results of the comparison between computed and predfgtede shown in
Figure4.26 and Figure4.27, respectively for permeable and impermeable
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structures and dOAngremond et al . (1
0.075< Kr< 0.8, that is gnilar to that defined by Daemen (1991).
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Figure4.26. Comparison between measured and calculated transmission coefficient for
permeable structures (d'’Angremond, 1996).
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Figure4.27. Comparison between measured and calculated transmission coefficient for
impermeable structures (d'Angremond, 1996).

Few years later, in 199&eabrook and Ha(l1998 performed an experimental
study at t he Qu ga BngiseerikhnResearah ¢abaratory @o a
Kingston Canada on submerged rubblemound breakwaters.these tests,
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conducted in twalimensional and thregimensional conditionsa wide range

of the geometrical characteristiagas investigatedncluding severa crest
widths. The Authors considered the relative submergence, the incident wave
height and the crest width as the main variables that influence the transmission
procesgEq.(4.30) andFigure4.28).

& ( "8
+ P AQDT@U(— P8t w- T[BITXT 8L @ X%

&
$

(4.30)
In the previous Equation L, represents the inciderpeak wave length,
BF/LiyDnso identifies load leses connected the water flow, while the ratio
FH</BDnso representgnergydissipations due to the structure roughness.

The applicability range was fixedto 0OBF/LDnsoO7.08 and
0 OFHs/BDpso 02.14.
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Figure4.28. Comparison between the observed and the predicted transmission
coefficient (Seabrook and Hall998).

The previougredictiveequations ware applidny Calabrese et al. (2003) on 48

largescaleexperiments carried oatt trbseer Wdben Kanal o of H

Germany on low-crested and submerged breakwstarshallow waterin the
following referred to as GWK data selip particular it was observedhat for
structures witha small crest width B/Dnso= 4) the equations proposed by van

der Meer (1990), Dae me (1996)dn83edbjogk artid A n g

Hall (1998)returnsimilar values of bias (close to,While a minimum Root
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Mean Squared iffor (RMSE) was observed for van der Mées  ¢8rb&)s
The latter wass0% less thartha obtained bySeabrook and Hall (16.4%).
Converselyfor large crest width(B/Dnso= 16), the equation proposed by van
der Meer(1990) significantly overestimateghe datg while the formulae of
Daemen (1991) and Seabrook and Hall (1988)erestimaté¢hem The model
byd 6 An g r et al.qi®eb)characterized be the lower valueRMSE, was
found to be almost undistortealthough a certain scatter was observed.

The Authors considered thatbetter prediction of the transm@s coefficient
could beobtaired consideringa reduction ratehat isfunction of B instead a
constanbne.

Thedevelopednodelis expressed biquation(4.31):

v A% A (4.31)

wherethe slopea, and the intercephb, are defined according to the following
equations

A AADBR Uq%—;ﬂ— (4.32)

A AA@DTBH]JU?:B— (4.33)

The terma; is afunction of the breaking indexhe latterexpressed athe ratio
between the incident significant spectral wave height, and the water depth
d:

A moly o (4.34)
While b; is an exponential function of the Iribarren parameter:

A p M™oeADDmEBIL wYX (4.35)
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In this case the application range i€.4OF/B 00.3; 1.060B/Hme;08.13;
0.31 CHpmo#/d 00.61 and3 03, 05.20.

In Figure4.29 and Figure4.30 the comparison between the measured and
predicted Kk are shownrespectively for the test&§WK data setand for the

entire database.
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Figure4.29. Comparison between the measured and predicted transmission coefficient

for the GWK datase{Calabrese et al2003).

1.0
°
L
2 0.8
S 0. -
© '. *
s S
— e
N4

0.6 - =5 o UPC

bHe . m UCA
o m.. A Daemen
m van der Meer
0.4 1 A} AnS » Powell ed Allsop
A ‘- + Seelig
Aoa Z an
a
0.2 e 0
o o
u ]
of
0.0
0.0 0.2 04 0.6 0.8 1.0
Krmeasured

Figure4.30. Comparison between measured and predicted transmission coefficient for
the entireanalysedlatabase (Calabrese et 2D03).
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Wemsley and Ahrens iB003 proposed an alternatermulafor the prediction

of Ky, defined as the S@re Root of the Sum of Squares (SRSS) of two
separate contributions: the firsherelatedto the energy transfer through the
porous structureK; yu, anda seconanerelatedto the energy transfer ovére
barrier,K; over

i *th (4.36)

p

+ R p T (437)
p

tho g (4.39)

According to theAuthorsthe two termd,, andf,.er can be calculatedor low-
crested breakwaterBy means of the flowing Equations

8 |
£ $(— AoB8 coc® u'—l\E (4.39

/E Agmg oup & (&_ (4.40)

E$ﬁ ,

H¢/Dnso allows to considethat the transmission process becesinefficient if

the disturbancexceedshe size of void spasdn the strutires while the ratio
between the crossection areaof the breakwaterd;, and the height of the
structuresh, takes into account the influence of an equivalent crest width.

The Authorsalso considered that the transmission procssslominated by
runup and overtopping in case of lesmergent breakwatera/hile in case of
submerged ors the tranmission over the structures ithe prevalent
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contribution. In this case a value of 9Dassumed fdik,, while the followng
expressiond provided foffoye:

/E APt (pna)o-(é&— Tﬁtﬂpg!ﬁ(— (4.41)

In the same studyhé performance of the predictive formulae proposesary
der Meer et al(199]) , d 6 An etrale(i®986) dal Seabrook and Hall
(1998) were comparedwith the curves of Tanaka (1976]hese curves
developed for submerged and emergent structihesugh the use of
monochromatic wavéeests allow to calculate &ansmissiorcoefficient defined
as theratio betweerthe transmitted wave height and the deep water ldge,
These are giveas a function of the relative freeboaFdH,, (Figure4.31a) and
of the relative crest widtiB/Lo (Figure4.31b).

67



Chapter 4 State of the Art on Submerged and l-orested Traditional Breakwaters

25 20 -15 40 -05 00 05 10 1

b)

.-,

0.0 0.5 1.0 1.5 2.0

Figure4.31. Curvesproviding the transmission coefficient asuadtion of a)relative
freeboard; b) relative crest widthdiiaka 1976).

An inverted Sshape functionsimilar to thatshown in Figure4.31a, was
observedn van der Meer (1991and Wamsley and Ahrens (2008joreover
the same qualitative trend was exhibiteyl equations proposed byan der
Meerand d 6 A nigtheeramgeh Ik K1< 0.7 andby Seabrook and Hall
in case oubmerged structures.

A comparisorbetweenthe abovementionedpredictive formulae in th&/Lovs
Kt plane showedimilar trend for the equatios proposed by Seabrook and
Hallandt hat by d o6 #&amrgedma<iiH,<0.b n
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The Authors consideed the van der Meeformula suitablefor narrowcrested
breakwaters with a freeboadtbseto zeroonly. Furthermorgadviseis given
againstthe use of theiformula (Eq.(4.36) in the specific case cfubmerged
structures

A new predictive formula (Eq(4.42) was proposed b¥riebel and Harris in
2004 developed from the analysis experimental datgrovided by Seelig
(1980), DeamirictandKahle (1985), van er Meer (1988), Deamen (1991) and
Seabroole Hall (1998)

" E n

& .
+ Ttsoocpwﬁz—EDnatchcnScuR( narcpoocpll—lg a2

&
T 0 U-W PBTWTT L

The validity of the previous formulation is limited tthe following restrict
ranges -8.696< F/H<O; 0.286< B/d< 8.750; 0.440< hdd< 1;
0.024<B/L<1.89 and1.05<F/B<0.

An extensivestudy on the prediction of transmission coefficient past- low
crested and submerged breakwaters nvadeby van der Meer et a(2005 on
more than B00 tests The wide database employed cons@stof data
previouslyanalyzed byd 6 An g r e mo,nSéabr¢ok and 6iall (199&nd
Calabrese et al. (20Q2)vith the addition ofthe experimené conductedon
behalf of theDELOS projectat the University of Cantabri@arcia et al., 2004)
and at the Polytechnic of Cataloni@pain(Gironella, 2002) Moreover the
results of testperformed on artificial resfby Hirose et al(2002) and Melito
and Melby (2002) were considered, respectivelyon Acquareef and
Corelocarmauredbreakwaters

The equation proposed b yoade§uats fift dadamo n d
characterized byB/H;<8. In the rangeB/H;>12 the following modified
equatiors was proposed

¢y e p A (443
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A linear interpolation between thgguations(4.28) and(4.43) was proposed in
the range8 < B/H; < 12.

The upper limit,Kr,, was assumeds a linear function of the relative crest
width, according tadhe Ejuation(4.44) and the lower limit was fixed at 0.05.

+ e ﬂ%ﬁ 8o o (4.44)

Buccino and Calabrese (2007a) considered a wide database composed of about
1,200 experimental data obtained from Loveless et al. (1997), Pilarczyk (2003)
and those tests conducted on traditional submerged anctésted breakwaters
from the dataset analysed in van der Meer (2005).

Differently from the major part othe equatiors describe abovewhich were
experimentallyderived the modelby Bucdno and Calabrese (2087 called
AConceptual A pisp theoraticallyodeduced Ahe model was
developed undesomesimplifying assumptiongnd has different formulations
depending on the submergence of the structuresparticular the model
assumes thain the transmission proceshe wave breaking representseth
dominating factonin case of submerged structuréis case of deep water the
predominant factor isonsidered to bthe masdlux over the structureandfor
low-crested structurgbe overtopping and wave runup.

The CA for submergelreakwater will bgresented in the Sectigh2, whilst

The model developed by Buccino and Calabrese (2007a) for emerged
breakwater is briefly discussed hereinafter.

The Auhtors, following the approach of Wamsley and Ahrens3g&uiggested

the following formulafor the prediction of th&ransmission coefficient:

z

L2
+ - A@DAr—

p | E(R'? (4.45)

where 1 i s t he t r a malinfieabsard @xpressed &y f i C |
Equation (4.56), o representghe surface roughnes® is the dimensionless

crest heightR;s is the significant wave runypvhich can becomputel as a

function of the Iribarren parameter (van der Meer, 1992) /asch coefficient
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dependingon the incident wave heighthe water depth, the width of the
rectangular structure and of the friction factor for tropgissing. The latter was
assumed as a function of the porosity of the structure and of the diameter of the
porous material.

4.2.1. Conceptual Approach for traditional@merged breakwater

The Conceptual ApproadtBuccino and Calabrese, 2007a) assuthesvave
breaking orthe crest ofh submerged breakwatisrthe main energy dissipation
mode The energy loss is macroscopically modelled using the lidadreaker
appro&h, originally developedby Le Mehaute (1962 and subsequently
employed by several Authgrsuch adBattejes andtieve (1985), Thorntoand
Guza(1983),Svendsen anBetrevu (1993).
Under the hypotheseof wave attack normal to the breakwater andigdxg
mean currents over the crettie modeis developed starting frortie following
time-averagesnergy balance equation
Aol A

Yy

il 4.46
T (4.46)
wherePle represents the wave power per unit of span at the landward edge of
the crestdbis an infinitesimal increase of the crown widfigure4.32) and i

is the mean dissipated power per unit area of horizontal surface
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Figure4.32. Main parameteremployed in the energy balance at the bafihe
Conceptual Approach for rubble mound submerged breaksvat

Accordingtothed b o r e theol,gdae bbe @omputed as follows:

. mC( A
y — ——
2
T 4 -

B
5 8
(@

(4.47)

I\)|A

p

where g is the gravity aceleration,c is the wave phase speed, is the
dissipation factor for breakingaves(n a 1) and R is the submergence of the
breakwaters, defined as the difference between the water depth and the height
of the structuregFigure4.33).
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Figure4.33. Main parametersf the Conceptual Approach.
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After same algebra, a nonlinear differential equation is derived, whichthek
transmission coefficient to the main stture and wave quantities, such as the
crest level, the cromwwidth, the incidenivave height and the peak period:

Av Pt {4
AA &7, 2K s2 A + (
P 3 P S2A

p
8

(4.48)

In theprevious equatigrg is the ratio between the transmitted wave height and
wave height athte landwad edge of the breakwater crown a@dis a global
dissipation factowhich accounts foa number of constants.

The differential equation has been found to have two asymptotic solufibas
first applies tathe case of deeply submerged structuRegH;; >> 1, and reads

as follows:

p

N . (2_A 8 (4.49)

C .

whereKy® is the transmission coefficient obtained for triangular breakwaters
(B =0), function of the relative submergendes(R;), andG; is the dissipation
factor.

For shallow reléive submergense R/Hsi<< 1, the second asymptotiolution
applies, which is independent frdRy/Hs;:

+ + ' — (4.50)

In the equation aboveK'y and G, representrespectively the transmission
coefficient forB = 0 and the dissipation factor.

In both theasymptotic solutions the effect of the structure crown is represented
by B/(HsLop)®, which can beconsideredas the geometricalmeanof the two
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most popular crown widghemployedin existingtransmission modelsiamely
BHi6 (d&6Angr emond By (Tamdka,1976L.996) 6 and
Equation(4.50) describesa parabolai.e. the transmission coefficient decreases
until it reachesa zerovalue and then unrealistically increases with the crown
width (Figure4.34).

For this reasothe Authors suggested toorizontallycut the curve at thealue

of B/(HsLop)®®, referred toas B* hereafter,beyond which the transnsision
coefficient is reduced to less than 5%. Accordinghg, following expressiors
obtained

The two asymptotic solutions described in the Equati@is0) and (4.51)
respectively apply to deeply submerged structures and low submergence ones, i.
e. for values oR/Hs; respectively grater and less than two threshdgdsnd

S. These can be define afta calibration of the theoretical model on real
experimental data. A linear interpolation is suggested for intermediate
situations, i.e. fo5<R/Hs<S; (EQs.4.52-4.54).

The CA moal assumes that the relationship betwdén and the main
predictors depends on the relative submergence. This is believed to be related to
a change in the dissipation mechanism that would occur when the water depth
over which waves propagate reduces. Olgree model has 6 parameters to be
calibrated, namely twl, two G, S and$S;.

P 'iET"Zni(" (4.51)
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Figure4.34. Theoretical cut of Equatiof.50). (Buccino anl Calabrese 2007a).
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The calibraibn was performed by the Authoos a dataset ohAbout 1000 data
specifically dedicated to submerged breakwaters, composed as follows:

1 The data set used fdine calibration of the Seabrook and Hall formula
(Seabrook and &ll, 1998); acronym SH;

1 Results of physical model tests conducted at the Coastal Engineering
Laboratory of the University of Cantabria, Spai@arcia et al.2004);
UCA,

91 Data from tests carried oat the CIEM wave flume of the Laboratori
d 6 En gi ntena ofaBarddlana, SpajnGironella et al. 2002);
UPC;

1 Results of experiments conducted the Grosser WellenKanal of
Hannover, GermanfCalabreset al, 2002; GWK;
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1 Data from experiments performed at the University of BristbK.
(Loveless et al 1997); UBr;

1 Data from physical model tests conducted at Delft Hydradticghe
Amwaj Islands Development proje@®ilarczyk 2003; AID.

1T The database wused for cal i bration
Jong, 1996). This database collects a numbetusfies from 1980 to
1991 @mong whichSeelig, 1980 Daemrich and Kahle, 198%owell
and Allsop1985;van der Meer, 1988, Daemen, 198é&re employed for
calibrating CA for submerged breakwadeand tests conducted at Delft
Hydraulics, (acronym H2061 frothe report number)

Results of the calibration are summarized in the following equations:

. A Y
3 3 Al T® o 6 q

P
oo oy o (459

I\Jl’\

A

o . L 6 oy

0 c‘b%w © Ao % ™o (4.57)
The upper limitof validity of Equation(4.55), R/Hsi< 2, represents a threshold
beyond which it is reasonable to assume that the breaking waves occur in the
crest of the structuresHowever, employing datardm Seabrook and Hall
(1998) the Authorsshowed the applicability of the model untiR/Hs reaches
values aroun@ (Buccino and Calabrese 2007b)

As far asK®%o is concerned, a slight dependenceRyHs has been found for
deeply submerged breakwateks"y has been shown to be relatéal the
Iribarren numberThis is deemed to be related to the influence ofrtimeup
height onthe transmission process at lewbmerged structures particular
for triangular structures is assumed that:
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+
AlA

6 ?_ (4.58)

In fact, from Equaton (4.56) it can be noticed the 'lg increase at increasing
Iribarren parametes: A similar trend is also shown WRy/H;. at increasing- as
results from experimental testBurthermore, & already observed in other
models this trend should approach a constant value for high values of

B; in Equation(4.53) was conventionallyassumed equal to 2.because for
B/(HsiLop)*°O2.2 the transmission coefficient assismaluesless thar0.05 so
thatit can be considered negligibl€oefficientb of the linear Kuation(4.57)

is the same reported Equation(4.56), while theslopea is:

A ®ocd £ (4.59)
where:
p
yia o
0& T QT8 O F—— (4.60)

A comparison between the measured and calculated transmission coegiigient
shown in Figure4.35. In this case the index of linear determinatiéti, is
slightly greater than 95% and the standard error is less than 0.05.
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2007a).
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4.3 Wave Setup for submerged and lowcrested conventional
breakwaters

Since the 1960606s, t dedlicased seecralteffofte tihe ¢ o mn
study of the wavebarrier interaction especially regarding the transmission
coefficient while few studes have been conducted in order to investigate the
the incremenbf the medium sea water level following th@roducton of a
submerged or loverested breakwaters al s o k n o windeed, e s et
knowledge of thisphenomenon igmportant br a full comprehension of
shadow zone hydrodynamic.

In fact, due to the reduain of the momentum fluxaused by wave breaking

and the mass transport process associated with wave overpasgsgngave
setup behind the structuriegluences longhshore currents and dlceurrence of
dangerous rip currents. Téeare currentdirected seawardthat may cause

both an intense localized sions and a serious risk for the safety of people
(MacMabhan et al., 2006).

First studies providing a qualitative description of these phenomena are those
by Homma and Soko(1959 and Homma and Hoikawél961).

LonguetHiggins in 1967 aimed at establishitige main parameters influencing

the phenomenon, providing an analytical equation for the quantitative
prediction of the water setup (E4.61). The latter allowedo estimate the
difference,l ,between the watdevel shoreward and seaward of a submerged
breakwater. The equation was developadcording to second order theory
(LonguetHiggins and Stewart, 1962)nder the hypothesis of small amplitude
waves and irrotational motion, considering the tawerage fix of a vertical
momentum into a column of water delimitated by the still water level and the
free surface.

O p 0 1Q 00 Q
U @QQ U @WCQQ

e (4.61)

In Equation(4.61) k, andd, representrespectivelythe offshore wave number
and water depthk; and d, the same parametemvaluated inshore the
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structures;Kg is the reflection coefficientdefined as the ratio between the
reflectedwave heightHg, andincidentone(Figure4.36). Worth noting, in the
previous equation U dincreases with the reflection coefficienwvhile the
transmission coefficient playee opposite ole.

/%sw' \Q? Mi

] W
Xb B
—
Ain
or
Lep

Figure4.36. Definition of the main parameteused invave setupnodels.

A comparison between theedictions obtained through the previous model and
experimentaltests conducted on impermeable rectangular breakwaiader
2D regular waves wagerformed byDick (1968) who foundkd a substantial
underestimation afealdata.

In 197Q Diskin et al dewloped anempirical formula (Eq(4.62) based on
about 190 regular wave experimenpgerformed in a flume ahe Technion
Israel Institute ofTechnology of Haifa (Israel). Hese tests werearried out
using homogerous trapezoidal breakwagewith fixed slopes, crest width and
rock diameterFor this reason, thafluence of porosity and side slopas not
investigated. Conversely severaF values were consideredn iorder to
investigatehe wave setup for bosubnerged and emerged structures

1 8

T T (4.62)

According toEquation(4.62) the setup, U, is a function of two parameters: the
difference between the lggit of the structure and the water degthand the
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deep wateheight,Ho, calculated as the ratio betwednand the linear stading
coefficient.

The equation providea maximum value forF =0.7H; , i.e. structures with
crest eleation just above the adevel. Forwater levels above and belpw
decreases and tends to z€Fbe validity of this egation is limited in the range
-2.0< F/H; < 1.5 and ford,/Ho variable between 0.1 and 0.83.

As reported in the discussion ndlowing the Diskin et al. (1970)paper
Dalrymple and Dean (1971) afititedthe scattebetween experimentalata
and Equation(4.62) to theinfluence ofKr and Kt on the setup procesahich
wereneglectedy Diskin et al(1970)

Besides the Authors proposed a predictive equat{fi.4.63), according to
which the setup si the sum of two contributions Uy, represerihg the
momentum fluxdue to wave collapsing on the seaward slope of the breakwater
andU, thatis the mass flux caused by a return current over the struathieh
equilibraesthe flux enteringnto the control volume. The latter exterfds the
structure width and delimitated by the bottom and free surface

11 (4.63)

In particular, Uy is considered as the wave setup at the be@lis. can be
computed from the camservation ofthe horizontal momentumunder the
hypothegs of shallow water and constancyafve height talepthratio:

1 ® UQ O (4.64)

In the previous Equatiothe water depth aincipient breaking,d,, can be
computed according to tiselitary waves breaking criterion

Q pg (4.65)

The setup on the crest of the structure was not consigekagliation(4.64). In

fact, the formula returnsi= 0 for wavesbreaking on the structured, & F).

As regarg U, it is calculated as a function of the mass flux balance equation
according to which the entering mass flgy, is equal to the sum obutgoing
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fluxes passing througtihe barrier gmrougn (this term isgenerally omitted in the
practical applicatios) and that over the structur@,ye,:

n n n (4.66)

gn is considered as fraction of the incident wav8tokes drift andcan be
computedaccording to the Equatiqd.67):

, 0O
n f T (4.67)
whereE is the incident wave energyy, is the water density; represents the
phase speed of incident waves, calculated according to the linear theory at the
offshore toe of the barrieb is a factor less than, Hepending on the time
interval, calculated in a wave period in which the water surface exceeds the
crest of the structure.

Using the small amplitude wave thepBalrymple and Deaif1971) obtained

the following expression of thHefactor.

P ... 01 1 X 011X

v, P, i~ .,
L 4.68
I WéEil ¢ ) cl Qewe 1| ¢ 5 ( )

where the quantity—T represents the relative crest freeboardvhich

the setp, 1, is included.
Thefollowing equatiorwasproposed to calculate the flux over the structure

, — 1 T,
f @ —— O (4.69)

in which U, was considered as an hydradiiead converted into kinetic energy.

The overall wave saip, U, can be obtained via thieraive solution o
Equation(4.66).

An extensive test campaign was conducted by Loveless and Debski (1997) on
permeable @wmerged and lowrested breakwaters in the flume of the
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Hydraulic Laboratory of Civil Engineering Department at the University of
Bristol. In these253 tests, conducted with regular and irregular waeeght
homogenous structuresitv different crest wdth, front slope angle and rock
diameter were investigated.

Based on the assumption that the wave setup essentially represents the mean
hydraulic gradient needed to drive back the net inshorepateped by waves

by a dominant turbulent flow through thé&rusture, Loveless et al. (1998)
developed the following expression for regular waves:

(

] AN

1 A & (4.70)
. & P8 0 AD® M=

in which the setup is a function of bothethydraulic characteristics (i.e. the
incident wave height, the period, the wave length and the water depth at the toe
of the structure) and of the geometric parameters of the breakwater (i.e. the
height of the structure, the water freeboard and the denwdtthe rouble
mound material).

In agreement with Diskin et al. (1970), the influenc& efasmodelled through

the Gauss functionthe maximum valueof which wasreached foilF=0 instead

of 0.7H,, as inEquation(4.62).

In the same study a comparison between the Equ@iod) and the formula
proposed by Diskin et al(1970) Equation (4.62) was also presead. In
particular the Authors founeédthat Equatior(4.63) is able toaccuratelypredict

the wave setup for submerged structuvdsereas it largely overestimates data
in the other cases. This gap was essentially related to the diféezendf the
material employed in thievo different experimental campaigria fact,in the
tests conducted by Diskiat al. (1970) thisvas 40% less than the smallest
model employed inhe Lovelless et al. (1998nes.

The Authors also suggestedthe use of the average wave heighi the
Equation(4.70) for irregular sea states.

SubsequentlyRuol et al. (2003karried outabout 6Gwo-dimensionalrregular
wavetests on lowcrested rubble mound structuré@s orde to investigate the
influence of the flux passing over and through the breakwatetbe setupin

this experimental campaign, conducted in the flume of the Hydraulic, Maritime,
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Geotechnical and Environmental Engineering of the University of Padug,(Italy
isolated and segmented breakwatensth different porosies were both
investigated. In order to study the influence of the gap between structures, the
recirculation flow rate, previously stored in a reservoir, was changed. The setup
measured for pereable structures was compared wiiat provided byDiskin

et al (1970) formula, resulting into aroverestimationof about 30% with
respect to the previous formula. This was doethe different sea states
employedin the two studiesregularaccordingto Diskin et al.and irregulafor

Ruol et al Converselythe application of the moddély Loveless et al(1998)
resulted in a significant underestimation of data.

Afterward, the models bipiskin et al. (1970) and Loveless et al. (1998) were
applied by Calbrese et al. (2003) to a databasenposed by 48rregular
waves experimend, performedin the largescale (1:2) flume of the Grosser
WellenKana) Coastal Research Centre of Hannover (Germany). In this study
the influence of both crest width and perme#pilon submerged and lew
crested rubble mound breakwatevas investigated.

In order to apply the aforementioned modafed considering the close link
between the wave setup and the energy loss due to the passage of waves over
the structurethe Authorsemployedthe equivalent energetic wavide,, asa
characteristic one. The latteras defined ashe ratio between the significant
spectral wave heightH,, and the square root of Hp, was computed
integrating the power spectrum for frequielsdarger tha 0.5 times the peak
ones

Calabrese et al. (2003pund that Equationg4.62) and (4.70) adequately
reproduce the trend of memss both for submerged and leurested
structures. Howeverthe model byDiskin et al. overestimate datawith low

crest widtls and underestimatiethe othes, whil e Lovel essb?d
overestimated the wave setup in case of wide structufasrthermorea lack of

fit was observed for low \Vaes of B, in case of lowcrested structures.

For these reasons, followinhe scheme proposed by Dalrymple and Dean
(1971), a new formula for the prediction of wawtup was proposely the
same Authorsstarting from the followingassumptions: constancy the wave
period impermeable and nemflecting submerged breakwagteaverage
hydrostatic distributionof forces acting onto the structure. In additidhe
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Authors considered that wave setup presents a linear trend in the surf zone
delimited seawardrom the breaking point and shoreward from the toe of the
structure.

Under these simpling hypothess, the Authors calculatedi, from the
momentum balance, projected in the horizontal direction, applied to the control
volume delimited by the sea bottom, the free surface and by two vertical
sections taken at the toe of the structuf@e equation proposed is the
following:

, ™ A A TAS 4.71)
where

A ¢cAA 4.72
A ;—’J( o+ 4.73)

In Equaion (4.72) ais assumedsafunction of the geometric parameters of the
structure, i.e. crest width and height, and of the breaking characteristics,
namely x,, i.e. the distancbéetween the breaking depfty,) and the saward

crest edgeand Ls, i.e. the distancdetweend, and the landward toe of the
breakwate(Eq. (4.74).

E — A & (4.74)

Equation(4.73) accounts for thénfluence ofKy on Uy, in factthec termis a
function of the incident energetic wave heights,, and of theso-called
transmitted coefficientdefinedas the ratio between the transmittég, and the
incidentone

In order to estimate the breaking water depth, the Authors proposed to combine
the linear shallow water shoaling theory with the kneg criterion of
Kamphuis (1991)thusobtaining the following expression:
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) ( ) 47
A s domorT N (4.79)

Assuming the total setup isfanction of thesolemomentum flux contribution,
so that it can be computed by meang&qtiation(4.71), a good agreement was
found for submerged structures with low values of crest widtinversly, a
significantunderestimation was observed for structures characterized by greater
values of B and for low submergences. In order tauee this lack ofif, a
contribution . was added tou, calculated employing the formula of
GaucklerStrickler for uniform turbulent flows:
L (4.76)

Q3G

In the previousequation f is the fridion parameterand F represents the
hydraulic radiusThe flow rate,gi, and the rectangular equivalent crest width,
Beq are respectively computed according to the folloveggations

" Q
(@) 0 4.77)

5 5 Q wd Qc wag Q (4.78)

The friction parametef accouns for the energy loss due to the interaction
between the breakwater attte return flow as well as te permeability of the
structure.lts value hago be calibrated on thkeasis ofexperimental data. As
suggested in Calabrese et al. (2008 can be calculatedy equating the
following two expressions for the determinatiohtlee unitary shear stress at
bottwm, U

T 7 QU (4.79
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t By (4.80)

where S, is the slope of the engy grade ling computable by means of
GlauklerStrickler formula,Uy is the bottom velocity ane-is the dimensionless
friction. The latter can be retrieved fraNelson (1996) focoral eef or from
Lamberti et al. (2007) for lowerested breakwaters.

Substituting Equation$t.71) and(4.76) in Equation(4.63), the final modekan

be obtained.Its applicationto the abovementionedlaasetreturned a good
agreement.

Bellotti (2004) proposed a new model for the prediction of the wave setup for
submerged and impermeable detached breakwaters inegtioptgas. The
conceptual modehssumedhat incident short waves cause a currentr dlie
structures that transport water at the back of the breakwaterpfi¢mmenon

is partially compasated by an offshorendertowcurrent(Svendsen and Bhur
Hansen, 1986), while the remaining quantity of water is forced by the sloping
water level ¢o-called feeders) toward rip channehusreturning offshoreThis
model is based on four main equatioemployed: deptintegrated continuity

and momentum equation across the structure, a free discharge relationship at
the gap, and a barrishore systemantinuity equation. After several algebra
stepsthe following expression was proposed:

< ] ;
Q@ 1 0 Q@ 1 0 (4.81)
o,
po

where,g ands subscrips$ indicate quantitiesespectivelyreferredto the gap and
to the structuret andll refer tothe offshore and onshore quantitiealculated
atthe toe of the breakwatdfigure4.37).
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Figure4.37. Representation in section of the mainvarigbld Bel | ot t i & s
(adapted fronBellotti 2004).

In addition b the aforementioned quantitids; and Ly respectivelyrepresent
the alonghshore length of the structures and of thevgathe base width of the
breakwatersC, is a discharge coefficienand f €e bottom friction factqr

which isassumedo benegligble. The geometrical quantit®, related to the
equivalent water thickness over the breakwatem be computedy the

following expression:

W wl Q.

0 : 1
W W] W

(4.82)

in which x, and x; are respectively the distance from the shoreline of the
inshore and the offshore toe of the structlnlence the difference between the
two quantities represemnt (Figure4.38).
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shore line

X5 l X1

Figure4.38. Hanviewof t he main variable of the

In case ofcontinuousbreakwates, i.e.not interrupted by gap the termLgis
zero and Equation(4.81) assumesthe simplified expressiorreported in
Equation (4.83). The latter can be also employed asfirst attempt inthe
iterative solution ofEquation(4.81).

1 o0 £ go go p@ oim i 489

Bellotti (2004) also stated that the effect of the rip currents on setup can be
better supported negléng O@F) terms providing the following approximate
expression:

0 ’
1 po

: I C C

o O

(4.84)

The disharge coefficientrepresentinghe hydraulic head loss coefficient, is
considered as a tuning parameter which can be compangaoying standard
methods for open channels.

Oncethe setuphas been calculateloy means of Equatiof#.84), the depth
integrated velocity of rip curresitan bedetermined as follows
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6 6 ¢Q (4.85)

The model was validatieon experiments performed by Haller et al. (1997) in
the basin of the Center for Applied Coastal Research of the University of
Delaware (USA). Tkse tests were conducted on submerged structures
characterized by a parabolic cresection shapainder six sea state conditen
andwith monochromatic waves.

The application of the model on this datababewed adependence of the
Equation(4.81) on the friction parameter and discharge coefficient. However
Bellotti (2004) founed that the variationn the rip current8velocity wasless

than 2% andthereforenegligible for-0.02< <®.02, vhile C, andL¢/Ls hada
greater influence In particularthe best performanad the model was obtained

for Lg<0.9_s, due to the better evaluation eb-callediconf i nedo ri p
flow (Bellotti, 2004).

In 2005Calabrese et algpplied the model previously developed in 2@d3a
database composed of about 300 experimetasts, fromthree different
laboratories(Calabrese et al., 2005253 tests carried out at the Hydraulic
Laboratory of Bristol ds Civil Engi ne
ones employed by Lovelesset al. (198) for the calibration of the
Equation(4.70); 25 tests previously employed for the calibration of the model
of Calabrese et al. (2003nd 21 tests conducted with 2D regular waves at the
UniversityofNapl es AFederico |1 0.

The model was firstly applied on regular dataly, for which the braking
criteria proposed by Moore in 198&s adopted

o
5 © Ty g (4.86)

In the previous Equatiora andb are functions of the bottom slop®, and the

deep water wave height is calculated from the incident one employing the linear
shoaling coefficient.

The application of the moddb the regular testshowed an underestimation of
experimental data, which wasrticularlyevidentfor the datgrom Bristol.
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The reasorfor thesedifferent behaviours was attributéy the Authorgo the
different positiomng of structuresemployed in the testsyhich wasdeeper for
thoseperformedin Bristol with respect tdhosecarried out inNaples. In fact
an increment of water depth correspsrid a decrease of the mass drift
(Eq.4.77) and ofl, with a consequent increasiigthe error(Calabrese et al.,
2005) Moreover an increasing in thdifference betweethe measured anthe
calculated setup was obsenadlecreasingelative crest freeboard.

In orderto take in account these parametasnew expression fog was
proposedyy the Authorsaccording to the Svendsers t (1984) The latter
consides the total drift agzhe sum of the Stokes drift, that is connected to the
orbital motion, and the comnlbute due to the surface rolldfurthermore, using
the shallow water theory, the Equati@B7) was proposedor the estimation
of Gin-

, =0
n QQ— o

o)

X
— 4.8
= 6 o (487)

Cc

In the Equation above the water depth was assumed equal to the absolute value
of the submergence of the structures and the wave heaghtalculated athe
average wave height across the structure:

0 Op v (4.89)

C

The A; term in Equation(4.87) is the area of the surfaceller in the vertical
plane which can be&eomputedoy means of the following expression (Okayasu,
1989):

0 T8t {0 (4.89)
The termBy is a shape factor toe calibratel on thebase ofexperimentablata.

Calabrese et al200&) considered this factor as a function of the Uésall
parameterlJg, for a wave breaking located near the crest:

91



Chapter 4 State of the Art on Submerged and l-orested Traditional Breakwaters

- ¢ O O
v &2 e (4.90)
[ svs P Svs

Substitutingthe Eq (4.87) in the Eq(4.76) it is possible todeterminethe
continuity contribution.

The modelwas calibrated on the database employed.byeless et al. (1998)
and was applied on the experimental ddtam Naples leading toa good
agreemenbetween measured and estimated values

A similar good agreemerslso resulted fronthe application of Equatiof®.75)
to irregular data. In this case the peak wave period and then p h hrealsng
criteria were consideredfor the application of the modelMoreover by
assuming random sea statestl@s sum of regular waves and employing the
Rayleigh distributio, the incident wave height was calculated as in the
following Equation:

0 MTL"O (4.92)

The model proposed by Calabrese et al. (2005), was subsequently applied by
the same Authors (Calabrese et al., 2)0Butemploying the breaking criteria
of lwata andKiyono (1985)for the determination of the incident wave height

p

0 ‘
p U

0 ., e . Q
n&pwn&ﬁx%—o L0 WRC¢" = (4.92)

where L, represents the wave length dhe incipient breaking. The
Equation(4.92) returns the Miche criterigl 944)for progressive waves and the
model of Daniel (1952) for standing waves.

The application of this model, under the hypothesis of shallater, returned a
breaking indexH/d=0.88 which is larger than the one found by Sawaragi
(1995) in the analyses of submerged breakwaters, whiches®.625 This
suggested to employ another breaking criteria for breaking waves on the crest
of the struture. In fact, Calabrese et al. (2d88assumed that the breaking
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occus for H; largerthan the limit wave height expressed by the relationship
proposedy Hur et al. (2003):

“sY
‘0 T8 @O GR %3 (493

The equation above returned a shallow water breaking iHd#x 0.6, which
was deemed to ba goodagreementvith that found by Sawaragi (1995).

The model was applied on the same database employed by Calabrese et al.
(2005) widen with other 63 regular tests conducted at the University of Naples
(described in Pasanisi et al., 2006 and Di Pace, 2006).

The application of the aforementioned model on regular experimental data
returned a goodgreementwith a determinationndex, R? equal to 0.89The
model was compared with the formulae proposed by Loveless et al (1998),
Dalrymple and Dean (1971) and Diskin (19763ulting to be thditting one
Moreover asignificant underestimation was found applying Equafbr0) to

the databasealready employed by Calabrese et al. (200%hile a certain
overestimation was observaesinploying the modelby Dalrymple and Dean
(1971) andthat byDiskin (1970). A more reliable predictive capatyilof the
Equation(4.62) was found employing the incident wave height instead of the
deep water one.

The results obtained for monochromatic wavesetransferred to spectral ones
employing the peak period and ohefig two heighs, namely H,s and the
average wave height;.

The Kamphuis (1991) breaking criteria was assumeddanputingH,ns and

He:

0 ,
—= ™ AgBa (4.99)

0
5 ™ v A Gk (4.95)
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In the previous two Equationsn was assumed equal to zero if the wave
breaking occued on the crown of the breakwateherwiseit was equal to

t adq. U

The application of the model suggested a recalibratighedf term whenHs

was employed On the contrarythe model resultetb be able to predict the
wave setupvhenHg was adopted.

A comparison betweetthe previously presented formulasan be found in
Soldini et al. (2009). In this study a database of about 40 experimengal test
conducted in four different European and American laboratories was employed.
The Italian tests were partially carried out in portioned basin of the Polytechnic
of Bari, where segmented submerged rubble mound structures were
investigated with regular andegular wavesds describedin Lorenzoni et al.
2004), and patrtially conducted in the flume of Coastal Laboratory of Civil
Engineering Department diie Florence Universitywhere both submerged and
low-crested structures were tested with monochromadives:. In the last tests
several berm widths, structure heights and offshore slopes were investigated. In
additionto the above gsts conducted at the Alborg University for the European
Project DELOS Kramer et al., 2006wereconsideredIn particular ony those
aimed at investigatingthe hydrodynamic of submerged and {ovested
breakwaters with a central rip channel were considered

The American experiments, described in Haller et al. (2008)e conducted

on bar systems with regular waves in the waasirbof the Ocean Engineering
Laboratory of the University of Delaware (USA).

As reported in Soldini et al. (20Q3he application of the modély Diskin et

al. (1970) provided a substantial overestimation of data, probably dine to
differencesin F/Hp and in wave characteristics employed the studies.
Converselyan overprediction was found for the dafi@m Delaware ascribed

by the Authora o t he inability of the Diskindc
flume.

In agreement to what observed bgl&brese et al. (2003), awerestimation of
data wasalsof ound appl yi ng t htestspedovmedineBars 6 f o
andin Florence while a good agreement was observed for fdata Alborg.
Finally, theinapplicability of the model resulted from these ofDelawaredata,

due to different experimental condit®n
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In the same studyesultsobtained from the application of the mogebposed

by Bellotti (2004) were also discussed and a good agreement was found
employing the simplified Equatiof@.84). A good interpretation of the data was
also found employing the model of Calabrese et al. (2005)hich the only
momentum flux contribution was empley
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Chapter 57 REVIEW OF STUDIES ON REEF BALL
BREAKWATERS

In recent years few studies have beededicated to theanalysis ofthe
transmission coefficient at breakwaters made oni8iules.

Early studies aimed at th&haracteriation ofthe wave transmission of Reef
Ball structures wre performed byArmono in 2003 further developed and
published with some modificationd)y Armono and Hall (2003)Thesestudies
wereaimedat developng a predictive equation for different typef Reef Ball
breakwatersbased on the results of an experimental campdiba Authos
invedigated wo differentReefBall layouts namely modules placed directly on
the bottom and on the crest of a mound, and several configutatiochgling
multi-layeredones

More recently,Ward (2011)performed arexperimental campaigim order to
optimizethe design of an offshore submerged breakwater in Florida (USA). In
these testdRB units were aangedaccording to one layout only, il a single
layer and directly placedn the bottomwhile different configurations were
obtained byarying the disince between the units.

As result of the rising interest in the use of RB modules for shore protection
purposesthe aforementionedtudieswere analysed by Del Vit 2012 and a
new model for the prediction of the transmission coefficigas proposedby
Buccino et al. (2014).

In the following, a description dhe studies performed Byrmono (2003) and
Ward (2011)are presented, whereas findings of Buccino et al. (2014) will be
discussed in the next Chapter.
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5.1 The Armono (2003)study

5.1.1. Description of the experimental campaign

The database employed Armono (2003) was composed ofabout 300two-
dimensional random tests,c onduct ed at t he Queenods
Engineering Research Laboratory (QUCERL, Canada).

These experiments, hereafteferred toasQUCERLdatg were performed in a
47m long, 0.9m wide and 1.2n deepflume, provided with a flagype wave
maker (Figure5.1). Reef Balls wereplaced on an horizontal bottom at a
distance ofL.7 m from the paddle. Tdamodulesvere characterized byéeight,

hgr, equal t00.13m and bya base diameteDg, of 0.20m; the weight of the
units ranged from 2.189 to 2.944 and the number of holes over the lateral
surface was averagely 20.

These characteristics correspaindPallet Balls(Table2.1), scaled down at a
1:7 ratio.

Absorber Probes Reef Balls Probes Wave maker

=l
BeEwi e I 4 I N ) \ IR [ 1
0.70 ;,:HH:HH‘ v vy % B ) 120 o [Lpinin) [ }\\\ 1125
090 - 110 ~ \‘ ‘ ~

16.00 2.00 16.75 2.26

Figure5.1. Crosssection of the flume at QUCERL.

RBsmoduleswere arranged in twdifferentlayouts
T AiBttom Seatedo (n@&i6lgs seatadymiictlyton thevi t h
horizontal bottom;
T ABerm | ayouto ( Blaced omta thé cromm dfud e s
conventional mound
In eachof thelayouts above the number of RB layers was varied from one to
three, to createiffierent configurations.
Configurationsinvestigatedfor the BS layout are shown irFigure5.2. In
particular, theconfigurationBS 3 (Figure5.2a) was composedf 3 RB levels
with the secondayer arranged upsiddown toimprove theinterlocking with
the firstone and provide glanarbase for the top level (Armono and Hall,
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2003). TheBS 2 configuration Figure5.2b) was obtainedrom BS3 by simply

removing theupperlayer.

AT
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Figure5.2. Representation @S layout. a) Configtation BS3;b) Configuration B&.

As far as thaype fiBo layout isconcerned, Reef Balls were assembied or 2

levels. In theformer case, modules cowexnt the entire crown (configuration
referred to aB-F1,wh e FF@ dit a n d sovelo d-igureb.3auot dnly part
of it (configurationreferred to a3-P1, w h e rPe
Figure5.3b). Finally, in the configuratiorB-F2, RBs were arranged in two

§it ands

levels to cover the entire crest abberm Eigure5.3c).

The rubblemound wasmade ofa core withDy50=0.01m and twoarmour
layers withDp50=0.037m. The height of the bermh,, the crown width of the
mound, By, and the slope angleth§. andU,.) werekept constantfor all the

tests
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Figure5.3. Representationfd layout a) configuration BFL; b) configuration BFL;
c) configuration BF2.

Table5.1 shows, br each configuration testethe number ofobservations
(#data) the numbeiof RB rows at the top of the structura; and the variation
ranges of the hydraulic characteristics observed during the testsyaier.
depth, significat incident wave height, peak period and measured transmission
coefficient,Kr meas The transmitted wave heighised in the computation of the
transmission coefficient, wasalculated by means ofvo arrays offive probes
placed13 m awayfrom the toe bthe structure an@d m behindthe reefs

Configuration #data n d [m] Hsi [m] Tols] KT meas
BS-3 54 3 0.350.45 0.050.20 1.03.5 0.561.06
BS-2 60 4 0.21:0.30 0.050.20 1.03.5 0.330.99
BF-2 49 4 0.430.60 0.050.20 1.02.5 0.37-0.89
BF-1 56 5 0.350.50 0.050.20 1.02.5 0.330.95

BP-1 56 3 0.350.50 0.050.20 1.02.5 0.390.95

Table5.1. Summaryof QUCERLtests.
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5.1.2. Description of the model

From the analysis cQUCERLdatg Armono (2003)developedthe following
predictive model forRB submerged breakwatersia a linear regression
analyss at least squares:

8 (5.1)

wherehs is the total height of the structumgr is the crest width of Reef Ball
Sstructures, computed as Dg atéte lswemtayes f R B
(Eq.5.25.2); and Ay, is a scale factor, assumed as a function of the analysed
configuration

According to Equation(5.1), the transmission coefficient is related to four
fundamental parametersachoneraised to aifferent constant exponent: the

wave steepnessl—lgi/ngz); the relative depthh{/d); the ratio between the
geometric characteristics of the structuhgByr); and the ratio between the

crest width and the perio@{x/gT,?).

o) €0 (5.2

In Table5.2 the value of thé, coefficient, the determination indef®, and the
Standard Eor, SE are summarized, for each configuration

Configuration Ay R SE
BS-2 10.719 0.922 0.049
BS3 7.949 0.867 0.042
B-F2 15.318 0.856 0.058
B-F1 14.527 0.953 0.036
B-P1 14.527 0.953 0.036

Tableb.2. Values of the scale factor, determination index anbistalizel error
according tahe Armonomodel (2003)
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Subsequently Armono and Hall (2003) proposed the modification thé
previous model reported in Equati3) to be applied only foconfigurations
B-F1 (Figureb5.3a) andB-P1 (Figure5.3b):

, "0 0 Q
LU PHPOOMC Gy PBIOG  TE @ U— (5.3

In the previous uation,instead of four parameters, only three were considered
to besignificant for the prediction of the transmission coefficid@icausehe
influence ofB,r/gT,”was deemed to beegligible

The modeldescribed by Equatiofb.3) is characterized bg R? value 0f0.841,
resulting to bdower than that found by Armono (20Q3)hich wasequal to
0.95 forthe sameonfigurations.

5.2 The Miami Beach 63rd Street Hotspot caseatudy

The project othe Miami Beach 65 St r e et i Hpatt of the National a
Shoreline Erosion Control Development and Demonstration Prog&astion

227, developed byhe U.S. Army Engineer Research and Development Center
(ERDQ with the objective ofadvancing the sta of the art of shoreline
protection, through a series of demonstrative projects of innovative and non
tradition solutions.

The project site exterd along the 63° Street of Miami,for approximately
762m (Figure5.4). This site had experienced a significashoreline
retreatmentwith a rateexceeihg thoseobservedn adjacent shorelines

Figure5.4. Beach near 63rd Street (Ward, 2011).
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The main goal of the projec was to measurethe energy reduction
corresponding to differerarrangemerstof RB units and toidentify the best
configurationto employ for the shorelinstabilization.

Because othe sand bottomReef Ballswere placed on Armorlefex mattress
(Figure2.15). The latterallowedto avoid siltingphenomenaworking asa sand

trap. As afinal result,the protection of the sitevas achievedmainly due to
wave dissipation and reduction of the nshore slope of the ltom.

On behalf of this project64 experiments werearried outat the USACE
Engineering Research and Development Centre Coastal and Hydraulics
Laboratory ERDC/CHL, USA), to investigate the effectiveness of different RB
configurations.

Theseexperimentsvere conducted in a wave basin 51n82ong, 30.48n wide

and 1.21Im deep, provided with a 2v wide multidirectional wave generator.

The tank was partitionedt nearly 15m from the paddléo form a 20.73n by
2.44m flume, normal to the generator. Thd ume ds profil e, w h
the topography of the site at a 1:10 lengtiale, included a 1:20 slope, five

first 4.87m, followed by a 1:250 slope, for 9.7% andfinally a 1:7.5 slopgfor

4.87m (Figureb.5).

— REEF
— 15 EEF BALLS
— 1250

D — 115

4.87m 9.75m 4.87m ‘JZZN {
51.82m

Figure5.5. Profile of the flume employed in tlERDC/CHLtests.

1:10 models of Goliath BallsTéble2.1) were arranged in a single layand
placeddirectly an the bottom, according t@layout typically employed in the
practical applicationsThe modules were placed d@ifferentrows on the 1:250
slope, with the offshore row beginning where the slope transitioned from 1:20
to 1:250. Different configurations wwe obtained by varying the spacing
between the units, both in the direction of the wave propagation {snoss)
andthe normalone (alongshore). Moreover, the number of rows was changed
to investigate thenfluenceof the structure width.
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The configuraton BS1a was made umf 10 modules in each row, with an
alongshore spagg of 055m in the prototypal scal@-igure5.6). Up to 7 rows
were used, with the csgshore spacing also set ab®m. RB rows were
realizedin such a way that the centre of each unit was aligned with the gap
between two units in the precediagd followingrow. The configuratiorBS1b

was obtained fromBSla by removing the even rows. Consequently, the
modules appear perfectly aligned crgisre Figure5.7).

Figure5.6. Plan view of the configuratioBS 1a.

Figure5.7. Plan view of the configuratioBS 1b.

The configurationBS 1c was obtainedfrom the BS-1a one, with a number of
rows equal to 7, after eliminating row numbgiFRyure5.8).

The configurationBS1d was identical toBS1b, but the modules were not
aligned Figure5.9). The structureBS1le included 3 rows with no spacing
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