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Abstract

Abstract

Rubble mound breakwaters are the structures which are meant to reflect and dissipate energy
of the wind generated waves and there by to prevent their incidence on water area intended to
protect. In modern times the breakwaters are constructed for the purpose of protecting vital
installations on the coast and offshore, shoreline stabilization, forming an artificial harbour
with a water area so protected from the ocean waves so as to provide safe accommodation for

ships and for preventing the siltation of river mouths.

In the beginning, primitive reefs and dykes of gentle slopes were built with natura.l stones.
Later, to save the material, steeper sloped structures with rubble mound concrete block
mound, rock fill over mound, caisson type etc. were iried. A mound breakwater with concrete
blocks was first constructed at Alger, Algeria in 18307s. The traditional and most commonly
used breakwaters are of non-overtopping rubble mound type. These structures consist of
essentially a core of fine material like quarry run and protected by armour layer of large rocks
or artificial concrete blocks. Rubble mound breakwaters are suitable for all types of

foundations. They do not require highly skilled labour for construction.

From the economic point of view, breakwaters represent a significant portion of capital
investment in the development of the port and would require regular mainienance 1o retain

their effectiveness.

Breakwater’s vulnerability to extreme events such as storms is a reality. We get ample
number of such cases in literature e.g. failures of breakwaters in American, European and
African countries between 1950 and 1980. One of the things engineers can do is to design a
seaward protective structure to the breakwater, which will withstand, resist and manage such
destructive extreme events. Further it is decided that a submerged reef is a highly optimised
structure which is stable, economical and could be an effective option for protection of (main)

breakwater as it breaks steep waves and attenuate them to a tolerable level.

In depth physical model study is required to design such a system. Hence, it is decided to take

up the experimental work to study the influence of the seaward focation and crest width of the
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submerged reef, as a protective structure, on the stability of the (main) breakwater and design

it for maximum protection of the main breakwater.

Firstly, a 1:30 scale model of a conventional breakwater, of trapezoidal cross section with a
uniform slope of 1V:2H, is constructed on the flat bed of the flume with primary stone armour
of weight of 73.2gms for a design wave of 0.1m. Its crest width is 0.1m and height is 0.70m.
This model is tested for wave characteristics exceeding that of the design wave i.e. C.12m,
0.14m and 0.16m in depth of water of 0.3m, 0.35m and 0.4m. It is found that the breakwater
is severely damaged and/or failed for waves of 0.14m and 0.16m height.

Secondly, a 1V:2H sloped and 0.25m high submerged reef with armour stone weight varying
from 15gm to 35 gm is tested for stability and it is found that an armour of 30gm is stable. |

In the third phase, waves of heights of 0.1m to 0.16m and periods 1.5sec to 2.5sec are
generated in depth of water of 0.3m, 0.35m and 0.4m pass over the submerged reef
constructed with armour stone weight of 30gms. The transmitted wave heights are recorded
for every 1m, up to a distance of 8m on the leeside. Tt is observed that up to a distance of 4m
on the leeside of the reef, waves are attenuated by about 50%, beyond which there is no
significant increase in wave attenuation. Therefore, it is decided to locate the reef within a
maximum distance of 4m seaward of the main breakwater for major eﬁperimental work

involving protection to the main breakwater.

Next, a protected breakwater is designed with a stable trapezoidal submerged reef having a
slolpe of 1V:2H and height (h) of 0.25m. It is constructed with homogencous pile of stones of
weight 30gms'on the seaward side of (main) breakwater at a spacing of 1m, 2.5m and 4m and
these models are tested for similar conditions as those for conventional breakwater. The reef
crest width of 0.1m is fixed for a spacing of 1.0m between the structures. The reef crest width
is 0.1m, 0.2m, 0.3m and 0.4m for spacing of 2.5m and it is 0.1m and 0.2m for spacing of 4m.
It is generally found that the breakwater damage is significantly reduced as the spacing
bétween the structures and the reef crest width increased. The submerged reef of crest width
0.3m and 1ocate_d at a seaward spacing of 2.5m, completely protects the inner (main)

breakwater.

i
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Finally, after the model tests a design for defenced breakwater is evolved. It consists of a
0.5m high, 1V:2H sloped trapezoidal conventional breakwater with primary érmour stones of
36gm and a 0.25m high submerged reef of 1V:2H sloped trapezoidal cross section with an
armour stone of weight 30gms and located at a seaward spacing of 2.5m. It is found that, this
particular defenced breakwater is totally safe under all the test conditions considered for the
model study. _ . : -

The cost analysis of the prototype of the defenced breakwater is undertaken. It shows that the

defenced breakwater is about 21.08% to 27.2% economical than the conventional rubble -

mound breakwater (depending on the site conditions), both designed for the same operating

conditions.

il
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Chapter 1 Introduction

Chapter 1
_Introduction

1.1  GENERAL -

People knew that they can get protection from winds and waves behind headlands since time
immemorial. They tried the same logic, by dumping small stones in rivers and lakes to protect
the banks, called revetments and large stones/boulders in seas to safeguard life and property
on the leeside. Such large structures were called Breakwaters. Qur éﬁic-- Ramayana contains
the description of Lord Rama having built a bridge between Rafneshwaram in the southern
Indian state of Tamilnadu and northern Sri Lanka, by dumping boulders into Palk Strait. The
first proof of such massive man made structure surfaced in late 1970’s, when Jacques
Cousteau while searching for the lost city of Atlantis discovered underwater remains of
Minoan Breakwater which was 4000 years old (Price 197 8). However, the first documented
history of breakwaters can be traced to ancient times of 2000 to 3000 B.C. in Egypt and
Mycenae the ancient name for Greece (Tanimoto and Goda 1992). Old breakwaters built by

Romans are surviving even after 2000 years (Franco 2001),

In modern times the breakwaters are constructed for the purpose of protecting vital
instailations on the coast and offshore, for shoreline stabilization, forming an artificial harbour
with a water area so protected from the ocean waves so as to provide safe accommodation for
ships and prevent the siltation of river mouths. Most of the breakwaters constructed in
barbours fimetion only to provide protection against waves but some of them serve a dual
purpose by providing berthing facilities along side for ships. The design of the breakwaters
shows wide \;ariety and there is no best solution which is a panacea for all situations. The
design depends upor local, national and social situation. As each country has its own unique
conditions, we find strong and solid caissons, for resisting severe wave attack (Kaldenhoff
1996), so also the submetrged breakwaters are used for coastal protection in Japan {Goda
1996), block work walls in developing countries suitable for varying depths and rock
foundations (Kaldenhoff 1996), low composite breakwater fitting best to the foundation
problems in most of the European countries (Kaldenhoff 1996), perched beach, detached
brealcwaters and groynes mostly made of submerged rock mounds in Italy and other European

countries (Van de Graf 1996 and Franco 2001),
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Till 1933, the breakwaters Were designed based on laboratory experiments, experience and
comparative basis. Later various investigators gave simple design formulae based on limited
laboratory investigations (Poonawala 1993). These designs were either over safe or under
designed. Hudson (1959) first gave the design formula based on structure slope, wave height,
density etc., for armour weight based on wide ranging experimental study of stone armoured
breakwaters subjected to regular waves. From the economic point of view, breakwaters
represent a significant portion of capital investment in the development of the port, and would
require regular maintenance to retain their effectiveness. Hence, the selection, alignment,
design and construction of the breakwater must be carefully undertaken after examining the
important governing parameters like predominant direction of approach 'of waves and winds,
tidal range, degree of protection required, magnitude and direction of kittoral drift, and the
possible effect of these breakwaters on the shorelines eic. Though breakwaters are being
constructed with increased confidence, new ideas and developments, like berm breakwaters,
submerged structures, breakwaters with new geometries efc., are in the process of being
tested for reducing the wave load on the structures. Major research activities are necessary to
gain better knowledge of the physical background of their performance so that the final

selection will be based on the performance consistent with cost.

In this chapter breakwaters are classified in the conventional way and new ones like pile

breakwaters, stabiplage and defenced structures are explained.

1.2 CLASSIFICATION OF BREAKWATERS
Broadly breakwaters can be classified as:

1. Rubble Mound Breakwater

2. Vertical Wall Breakwater.

3. Composite Breakwater.

4. Other breakwatets

Rubble mound breakwaters can be further classified into:
1. Conventional brealcwaters
2. Berm breakwaters
3. Offshore breakwaters
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1.2.1 Conventional breakwaters

The traditional and most commonly used breakwaters are of rubble mound type which
consists of one or two layers of heavier armour stoues, one ot two filter layers consisting of
relatively smaller stones and a core of quarry run. The design of the breakwater section, which
is normally of a trapezoidal shape which is also optimum, is descrlbed In great detail by US
Army Corps of Engmeers (1984, 2001). The design involves the use of Hudson equation
usually supported by physical model tests. The conventional breakwaters are designed in such
a way that no wave overtopping and no damage or littlé damage is allowed. This criterion
nocessitates the use of large concrete mass or heavy rock or artificial concrete units for
armouring. A more economical breakwater can be a structure with smaller armour unit and/or
where, profile development is allowed in order to reach a stable configuration e.g. berm
breakwater, submerged breakwaters and reef breakwaters, These structures can be statically
stable or dynamically stable.

Statically stable breakwaters are rubble mound structures where no or minor damage is
allowed under design conditions. Damage is defined and quantified as the displacement of
armour units or using area of erosion of the breakwater. The mass of individual armour units
must be large enough to withstand the wave forces during design conditions. Caissons and
traditionally designed breakwaters belong to this group of statically stable structures. Static
stability is characterized by the design parameter ‘damage’ and is roughly classified by Van

der Meer (1989) as
H
SLod e e 1.1
D (1.1)

where, A is relative mass density; H is wave height; D is characteristic diameter of armour

unit (rock or concrete) stone. e.g, Vertical breakwater.

Dynamically stable structures are rubble mound breakwaters where, profile development is
accepted. Units are displaced by wave action until a stable profile is reached, where the
transport capacity along the profile is reduced to a minimum. Units around the still water level
are moving continuously during each run-up and run-down of the waves. But when the net
transportation capacity becomes zero, the profile has reached an equilibrium condition e.g,
Rubble mound breakwater. Dynamic stability is characterized by the design parameter

‘profile’ and is roughly be classified by (Van der Meer 1989) as
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¢.g. Rubble mound breakwater.
Many rubble mound breakwaters failed in Europe, Africa and America between 1950 and
1982 due to extreme wave loads of cyclonic waves (Davidson and Markle 1970, Edge and

Magoon 1979 and Zwamborn 1979).

1.2.2  Vertical or upright wall breakwaters _
Vertical or upright wall breakwaters are of types such as structures of huge concrete blocks,
gravity walls, concrete caissons, rock filled timber cribs and concrete or steel sheet pile walls,
The selection of the type of breakwater would be primarily based on the wave climate in that
area, depth of water, availability of construction materials and local labour, geotechnical
nature of seabed, function of breakwater, technical know-how and contractor potential
available. Wall breakwaters are regularly designed as structures subjected to forces causing
failure in the following four ways: _

1. By the shear bonding of bed joints or by sliding of one block against the other.

2. By over turning as a solid mass, |

3. By the uplifting of horizontal layers.

4. By fracture of blocks.:

The main disadvantage of vertical wall breakwater is that, it is one of the most delicate and a
difficult task to repait/rehabilitate once it fails. Because, it cannot be readily repaired and
consequences of failure are catastrophic. The construction of this type of breakwater requires
high level of technical knowledge, heavy construction equipment and skilled labour leading to
large expenditure. Many such structures failed in 1930’s e.g. Catania, Jaly and Algeria
(Tanimoto and Goda 1992).

1.2.3 Mound with superstructure or composite breakwaters

Composite breakwaters are combination of rubble mound and vertical wall, These are used in
locations where either the depth of water is large or there is a large tidal range and in
situations, the quantity of rubble stone required to construct a breakwater to the full height
would be too large. In such conditions, a composite breakwater is constructed which is a

structure with rubble mound base and a super structure of vertical wall.

"“Swudies on Tandem Breakwoter”, INCH, MoWR Sponsored R&D Project, N.J T.K., Surathiat - April 2008,




Chapter 1 Introduction

1.3 BERM BREAKWATER

Rubble mound breakwaters are dynamically stable structures where, profile development is
accepted. Units are displaced by wave action until a profile is reached and a berm is formed
close to the SWL. Many times it is advisable for engineering and practical reasons to utilize
the berm in the breakwater slope e.g. weak foundation conditions, non availability of large
armour stones etc (Hunt 1959, Lundgren and Jacobsen 1987 and Gadre et al. 1991). It is not
difficult to visualize the great economy that may be obtained under certain conditions by
using berm. Berm is not cure alls or panacea but, when used judiciously, they can save a great
deal of material and still ensure a safe structure. Hunt (1959) and Nagai (1970) opine that
berm breakwater has lower crest elevation but require the most space. It is possible to design a
stable and an economical berm breakwater with smaller sized stones instead of a continuous
single sloped conventional breakwater. As this section requires smaller armour stones, quarry
oﬁtput can be optimally used, require simple design and construction methods speedy
construction and over all economy can be the advantages of berm breakwaters (Bruun and
J oharmesson.1976, Brgin et al. 1989 and Gadre et al. 1991). Berm breakwater dissipates much
of the wafe energy reducing wave reflection. The effect of the berm is most marked over an
area along the breakwater and increasing the berm width, wave damping will increase
(Jacobsen et al. 1999). Hunt (1959) proved that wave reflection can be reduced if the
structure slope is Jess than V(H/T?) for design waves. This slope also increased dissipation of
energy by heat generated by the turbulence of breaking wave. Hunt opines that, if berm width
is equal to or greater than 0.2 times the local wave length, wave up rush is reduced. Under
similar conditions a three slope berm section suffers up to 90% less damage (Van der Meer
1988, Ergin 1989 and Hegde et al. 2002) and requires less volume of armour stones due to
reduced run up relative to 1:2 single slope section. Also the berm width may be of the value of

one fourth of the local wave length (Ergin et al. 1989).

Dynamic stability of the berm breakwater is characterized by the design parameter “profile’
and is roughly be classified by (Van der Meer 1989) as

Gadre et al. (1991) concluded that the weight of the armour in berm breakwater could be 20%
to 30% lower than uniformly sloped breakwater structure. Baird and Hall (1984) opine that

utilizing quarry vield economically; consiruction of a berm breakwater can save up to 50% to

"5
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70% of the cost compared to a conventional breakwater. Franco (2001) mentions that for g
potential site in Kaly, comparison of costs showed that, a berm breakwater could be 25% to
40% cheaper against a conventional structure. Van Gent and Vis (1994) developed a new
mathematical approach to simulate the reshaping of berm breakwaters using hydrodynamic
forces. Rao et al. (2004) through model tests concluded that 30% reduction of armour weight
compared to conventional design may not resuit in stable structure for all berm widths tested

but with 20% reduction in armour wei ght and a berm of 0.6m the structure is stable.

1.4 OFFSHORE BREAKWATERS
Offshore breakwaters (sometimes also called detached breakwaters) are shore- parallel coastal
structures, constructed with trapezoidal cross-section, sited at a certain distance away from
shoreline. Offshore breakwaters have been Successﬁﬂly built in USA, Japan, Israel, Spain,
Singapore and Sri Lanka for shore protection. Offshore breakwaters are one of the most
professional engineering measures often chosen, for the sake of shaping .shores, from a variety
of coastal protection structures, implemented over the world for various sites and destinations.
According to Gourlay (1981) as quoted by Pilarczyk and Zeidler ( 1996}, these st.ructures trap
the sand from the adj oining beaches and offshore areas to accumulate behind it and are
effective for waves approaching both normal and at an angle to it. Their primary function is to
dissipate wave energy and rearran ge waves and currents or otherwise:

1. To reduce wave energy at shoreline structures and/or to modify the wave climate,

2. Redistribute sediment transport patterns so as to improve beach levels and create

desirable beach features such as cusps or tombolos, and _
3. Provide toe support for beach slopes known as perched beach, which would

otherwise be unstable.

The functioning of offshore breakwaters depend upon their:
1. Geometrical proportions,
2. Interaction with the external hydraulic forcing and

3. Local sediment transport and morphodynamics.

The offshore breakwaters may be differentiated as emerging, low crested, submerged and reef

structures. Some of these are explained in following sections,
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1.4.1 Low crested breakwater

These structures are built with their crest at or below still water level (SWL) so that there is

overtopping of design wave. The main_ advantage 1s in ifs economics. When only partial

protection is required from the waves on lee side of the structure is necessary, a low crested

breakwater may be best suited and resulting in substantial savings. As these structures allow

some pottion of incident wave energy to pass over, the armour units experience less wave

force. Hence, depending upon wave and structural parameters these armour units may be

designed for relatively lighter weight. There are two types of low crest structures namely.
overtopping breakwaters and submerged breakwaters. Some examples of overtopping

breakwaters are at Pilgrim Plymouth, UK, Diable Canyon California, and Honolulu Reef
Runway Hawai and Dana Point harbour and Yarra Bay, Australia . These owertopping

breakwaters are designed on the basts of overtopping volume (Kobayashi and Wurjanto 1989
and Gerloni et al. 1992). To estimate this volume, many formulae are available in the

literature (US Corps of Engineers 1984 and Bradbury and Allsop 1988). All these authors

considered the structure with a crown wall, Shirlal et al. (2001) calibrated the Bradbury

Formula for a simple structure without crown wall, Shirlal and Rao (2001) conducted the

mode] studies to test the stability of overtopping breakwater. Shirlal and Rao (2002) tested a

similar structure with a reduced armour weight. They reported that the breakwater is stable

without any significant damage even after a reduction of 26% in the armour weight.

1.4.2 Submerged breakwater
This 1s a type of low crested breakwater. Submerged breakwaters are the most commonly

built structures to break waves, dissipate energy of the wind generated waves and thereby to

* prevent thetr mcidence on a water area intended to protect. From an economic point of view,

breakwaters represent a significant portion of capital invesfment, and would require regular
maintenance to retain their effectiveness. This encouraged the researchers to investigate the
feasibility of achieving economy ih constructionn without sacrificing the utility of these
structures depending upon their specific use. There are several sites where complete
tranquility 1s not required and only partial protection from waves is desirable ¢.g. small craft
harbours, coastal protection, protection of tourist/recreation spots on beaches etc. For such
sites designing a conventional non-overtopping breakwater is uneconomical, unnecessary and
uncalled for. One of the solution under such situations could be a submerged breakwater

which 1s economical and efficient e.g. Townsville Harbour, Australia, Rockley Beach,
7
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Barbados, Japanese coasts, Civitavecchia, Rome and Sagar Island, West Bengal, India
(Ahrens 1984, Goda 1996, Smith et al. '1996, Franco 2001 and Nagendra Kumar 2001).

The wave breaking over submerged breakwater causes great turbulence on lee side. Current
and turbulence together on lee side of submerged breakwater have a strong power of erosion
on a sandy bottom and can thus prevent siltation. At the same time, they also offer resistance

through friction and turbulence created by breakwater’s interference in wave field caﬁsing

maximum wave damping and energy dissipation, minimum wave reflection and bottom scour,

and maximum sand trapping efficiency and is used for coastal protection (Homa and Sakou
1959, Homa and Horikawa 1961, Baba 1985, Sorensen 1987, Van de Graf 1996, Pilarczyk
and Zeidler 1996 and Smith et al. 1996).

Various investigators have studied different parameters of the submerged breakwater and
spelt different specifications for the parameters like height, slope, crest width, armour stone
weight and location of the submerged breakwater (Johnson et al. 1951, Huat 1959, Dick and
Brebner 1968, Dattatri 1978, Khader and Rai 1980, Ramamurthy and Sharma 1989, Cornett et
al, 1993, Smith et al. 1996, Pilarczyk and Zielder 1996, Rambabu and Mani 2001, 2002 and
Twu et al. 2001). Most of the investigators opine that crest width, crest elevation, depth of
submergence and location are the most important parameters which declde the optimum

functioning of the structure and needs further study.

1.4.3 Reef breakwater

The reef is a low crested structure which is little more than a homogeneous pile of stones
whose weight is sufficient to resist the wave attack (Ahrens 1984), A submerged reef
breakwater is an optimized structure to highest degree. The reef is fundamentally built to

break the steep waves and as this structure is submerged and porous wave reflection is small

and wave -energy damping and wave transmission are the significant characteristics. Ahrens

(1984) first studied the stability, transmission and reflection characteristics of the submerged
reef hreakwater. The simplicity of the reef could be the si gnificant factor in keeping down the
construction cost and it could be an optimum structure for many situations in the cases of
beach protection (Fullford 1985). Ahrens (1984, 1989), Gadre et al. {1992), Nizam and
Yuwono (1996) an_d.Pila.r'czyk and Zeidler (1996) discuss the stability of the reef structure and
have given equations and graphs to Idcsign the armour unit weight.” Armono and Hall (2002)

experimentally investigated the wave transmission at submerged breakwaters made of hollow
' 8
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hemispherical shaped artificial reef. They found that, for relative height (h/d) greater than 0.7,
the effect of the reef crest width is visible. Bierawaski and Maeno (2002) conducted small
scale experiments to investigate the water pressure fluctuation in the wave field over
submerged structures of which one was the reef and another an impermeable breakwater. Out
of the two structures tested they found that the reef was safer. Harris (2003) discusses about
performance of submerged artificial reef constructed in Dominican Republic for beach

grosion control.

1.5 OTHER TYPES OF BREAKWATERS
The other breakwaters are special structures like pneumatic breakwaters, hydraulic
breakwaters, mobile breakwaters semi circular breakwaters, floating breakwaters, pile/pipe

breakwater, These are explained briefly in the following sub-sections.

1.5.1 Pneumatic breakwaters

This is very unorthodox type of breakwater. The cssence of the idea is that waves may be
dispersed in the undulatory stage by the introduction of a continuous stream of air under
pressure from a pipe lying along the seabed, This was designed by Philip Brasher in 1907.
Prototype structures were installed successiully at Million Dollar Pier in Atlantic city in 1903
and El Segundo Pier in 1915 ( Straub et al. 1957).

L5.2 Hydraulic breakwaters

William and Weigel in 1963 invented the hydranlic breakwater which was nothing but a
series of water jets issued by forcmg water through a number of nozzles mounted on a pipe
installed at the water surface perpendicular to the direction of incident waves, The Jets create
a surface current which results in breaking of the incident wave and its attenuation. It was
found that this concept was not cconomically feasible and doubts were also cast over its
efficacy (Chen and Weigel 1976),

“Studies on Tandem Breakwaier, INCH, MaWR Sponsored R&D Project, NI TK., Surathtn? — April 2008,




Chapter 1 Introducticn

1.5.3 Mobile breakwaters |

They can be defined as structures or devices that combine the stability to appreciably reduce
the height of ocean waves on its leeside with a degree of mobility sufficient to permit its ready
transportation for considerable distance and its speedy installation when arrived at the site.
Such a device would find application wherever protection from wave is necessary but for
limited periods, as in offshore drilling operations or where an installation is required to be

completed in a very short time, as in amphibious military operations.

1.5.4 Semi-circular breakwaters _

The semi-circular breakwater comprises a semi-cylindrical caisson, which is generally placed
over a rubble mound breakwater. It is made of pre-stressed conerete and divided into a series
of elements. Both its weight and necessary ballast material can be significantly reduced
(compared to a conventional caisson), since the forces acting on the structure are much

smaller. If the caisson is made up of pre-fabricated elements, it can be constructed relatively

‘casily on site with the aid of a pontoon crane. We can distinguish four types of these

structures which differ in their wave reduction in front of and behind the structure, and in their
permeability for water exchange between the open sea and the protected zone: -

1. The massive type with non-permeable seaward and rear sides,

2 The front dissipating type with perforated seaward side, -
3. The permeable type with perforated seaward and rear sides and
4

The rear dissipating type with perforated rear side.

They display a much-reduced risk of sliding, since the wave pressure is divided into a vertical
and a horizontal component by the curved surface. The additionally present wvertical
components are transmitted to the foundation soil via curved sidewall of the structure and thus
enhance the static stabilify. A structure slides along its bed or along another lower plane in the
foundatien soil, if the forces acting parallel to this plane in the direction of displacement are
greater than the resisting forces. These breakwaters remain excellently suited under poor
foundation soil conditions, since the geometrical form of the caisson precludes the danger of
overturning: the soil reaction is always evenly distributed. The wave pressure acting on the
surface of the breakwater is always directed to the centre of the caisson bed, since the pressure
of a liquid always acts perpendicularly to the surface of an object. A structure overturns, if

the resultant forces acting on the structure are directed at a point too far removed from the

10
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centre of the bed area. A structure in water floats, if the forces acting on a downward direction

{(weight of the structure) are smaller than the forces acting upwards (buoyancy).

As the submerged semicircular breakwater represents an enclosed, hollow structure, it is
necessary to prevent it from floating. This is normally achieved through increasing the weight
of the structure, though in this case it may already be sufficient to provide perforations in the
base plate of the caisson (Priya et al. 2004), Within the frame of a research project sponsored
by the DFG (German Research Community) together with the Federal Ministry for Economic
Cooperation (BMZ)- represented by the Society for Technical Co-operation (GTZ)- research
group is working together with staff of the Ocean Engineering Department of the Indian
Institute of Technology Madras, Chennai, India to determine the wave pressure acting on the
submerged semicircular breakwater under different load conditions, They found that
transmission and reflection coefficient vary between 0.5 to 0.75 and 0.15 to 0.5 respectively.
Knowledge of the wave pressure loading is necessary for economic realization of this very

promising type of coastal protection structure.

1.5.5 Floating breakwaters

These are the floating barriers meant to attenuate the ocean waves and are considered as cost
effective and suitable alternatives for the conventional type of breakwaters in minor port and
harbour applications, where the tranquility requirements are low e.g. floating breakwaters at
Friday Harbour, Washington (Adee 1976). Floating breakwaters have gained significance in
the recent years because of their basic advantages such as flexibility, easy mobilisation,
installation and retrieval. In addition, the units can be fabricated on land, towed to the
required site, and installed along any desired alignment with ease. The design is based on the
prineiple that energy of oscillating waves is mostly concentrated near the surface and that a
wall is needed to reflect or dissipate this wave energy. This type of breakwater does not
interfere with local underwater currents or with the sediment movement and in consequence

they enjoy the complete freedom from scour.

Air/liquid filled eylindrical bags placed just below SWL with longitudinal axis parallel to the
direction of wave propagation cause wave damping. Such a breakwater was installed off
Dorset coast in 1948 (Chen and Weigel 1976). Brebner and Obuya (1968) as quoted by Chen
and Weigel (1976) developed several types of rigid floating breakwaters. These concepts

successfully damped the waves with transmission coefficients of 0.2 to 0.7. However, the
11
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width requirements of most of the existing floating breakwaters, to achieve a desired
transmission coefficient of less than 0.5, makes the system very expensive (Mani 1993). Cage
ﬂoéting breakwaters (Y-type breakwaters) with the ratio of width to wave length equal to
0,14, are most effective as the transmission coefficients are less than 0.5, where as, for other
type of floating breakwaters like rectangular this ratio would be higher than 0.3 (Murali and
Mani 1996).

1.5.6 Pile breakwaters _

These are breakwaters, which can attenuate the energy of the steeper waves partially, so that
the coastal erosion due to wave energy concentration can be prevented effectively and
aesthetic condition of the beaches will not be hampered as it will be located away from the
shore line. The pipe breakwater has minimum interference with the littoral drift. Depending
on the tranquility requirements of the water area intended for protection and prevailing littoral
movement conditions, the pipe breakwater can be designed suitably, These type of structures
are likely to be economical compared to other type of conventional breakwaters (Hutchinson
and Raudkivi 1984). Hayashi et al. (1966) first experimented on pile/pipe breakwater.
Hutchinson and Raudkivi (1984) designed the pipe breakwater for Halfmoon Bay Marina
Auckland, Australia. To reduce the wave load on piles a sloping precast slab. or even a

submerged breakwater can be built in the front (Lundgren and Jacobsen 1987).

Research in this area was continued by Mani (1993) and Mani and Jayakumar (1995) who
experimented on pile breakwaters. Pile breakwater was built in 1995 at Pelangi Beach Resort,
Langkawi Malaysia, to protect the beach by encouraging natural restoration and to have open

sea view with minimum obstruction (Reedijk 2004).

Rao (2000) and Rao et al. (2002, 2003a, 2003b, 2004) tested single and double row of solid
and perforated pipe breakwaters and computed the reflection, transmission and loss
coefficients. They concluded that two rows of piles perform better than single row of piles
and wave transmission is less for perforated pile breakwater. They studied the performance of

a single row of semi-submerged perforated pipe breakwater.
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1.5.7 Stabiplage _

This patented technology was developed recently by the company ESPACE PUR of France,
with a view to offer a method of sqﬂ coastal protection which 1s mtegrated perfectly into the
natural environment as well from an aesthetic point of view and the sedimentary exchanges
which govemns the dynamics and the geomorphology of this environment. Its technique,
developed from a sound knowledge of coastal engineering, uses high quality material. This
structure does not hamper natural movements in the sea and uses the dynamic factors in the
environment to find a positive balance and a positive sedimentary budget. Stabiplage uses

minimal space while offerihg an optimal solution.

The fundamental principle of this technology consists to collect, accumulate and maintain the
sediments in place. The structure of Stabiplage is manufactured and established according to
needs i.e. submerged or emerged, perpendicular or parallel to the shore, and with or with out
anchoring depending on the sea and tidal range. Stabiplage is a reply to the various needs for
protection or restoration of the coastal zone i.e. protection of dunes and the back dunes,
stabilizing coastal zone, raising beach profile, controlling sand drift and prevention of silting

up of harbour,

Stabiplage siructure is made up of several materials. It is a geocomposite structure injected
with sand. The works generally consist of a woven polyester shell and a filter not woven. The
composite materials used are more adapted to the physical constraints of the natural
environment than a simple geotextile, in particular for the abrasion resistance. The permeable
structure optimally dissipates the energy of swell waves and the anchori_ng 1s done in such
way so as to avoid undermining.. Stabiplage construction which is long lasting uses natural
matertal available and is fast, efficient and does not require any heavy machinery. The length
of work may reach several tens of metres, even 200m and the structure can be located at a
depth of water of up to 4m. For a work of approximately 2m high and 4.5m broad, the wéight
is close to 16ton per linear metre (Espace Pur 2003).

1.6 PROTECTED STRUCTURES - _

Submerged breakwaters can be used for protecting an already existing breakwater
(Groeneveld et al. 1984). They were used as a protection to reclamation bund at Bharathi
Dock at Chennai Port, India (Gadre et al. 1985). It was used as a rehabilitation structure for a
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damaged breakwater at Veraval Port Gujarat, India, to secure it from storm waves (Gadre et
al. 1989).

Cox and Clark (1992) based on limited study, built a breakwater defenced by seaward
submerged reef structure for protecting a marina harbour at Hammond, Indiana situated at
southern tip of Lake Michigan. They could lower the crest by 1.5m, use relatively lighter

armour stones and save about 1.0 million dollars.

Cornett et al. (1993) after conducting experimental investigation concluded that a submerged
reef of relative height (h/d) greater than 0.6 protects the inner main breakwater and there may

be an optimum location for reef of a given geometry of tandem breakwater.

Neelamani et al. (2002) experimentally investigated the hydraulic performance of a plane
seawall defenced by a detached breakwater and found that wave pressure, reflections and run
up decreased. They concluded that with defenced breakwater, the plane seawall can be
designed with higher degree of confidence.

1.7 THE PRESENT STUDY

Breakwaters have been bullt through.out-the centurles but their struetura] development as well e

as their design procedure is still under rr_rasswe cha;o,ge. New 1deas and developments are in

L [

th tested regardmg breakwater layout for reducing wave loads and farlures

Breakwater desi design is increasingly influenced by. environmental,.social and aesthetical aspects. .-

e gt T e

and new type of structures are being proposed and buﬂt

T T e e — P

St LT P ——

At the same time, éreakwaters Vulnerablhty to extreme events such as_storms is a reality.

And we get ample number of such cases in 11terature Ore of the things engmeers can do is to

D vl
design,a protective structure in the front whlch will withstand, resist and manage such
destruc m&gnm&m 1o some extent ata.the_gﬁfeiie-tme mrtlgate catastrophic

EI__&gg_cihe inner main breakwater. The des1gn of such protection to the breakwaler is the

R el

e, e

research work selected for he present ‘study.

et et rT———rzrd

R S P —

A protective submerged reef, which is an optimized structure to highest degree, can be located
at a certain distance seaward of the main breakwater. The wave breaking over reef causes

great turbulence on lee side. They also offer resistance through friction and turbulence created
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by reef’s interference in wave field causing maximum wave damping, energy dissipation and 1
attenuation of waves those attack the inner main breakwater. The design of this type of
combined structure is complex and requires detailed information on parameters such as water
level changes, wave loads on armour units of both the structures’, rin up and run down"q_n
breakwater slope, damage, height of submerged structure, its crest width, its seaward locatior;,
wave transmission, armour weight etc. Therefore, more research is needed to understand their
mechanism, performance and design such complex structures confidently.

1.8 FORMAT OF PRESENTATION b

The present thesis is presented in ten chaptibrs. Chapter]lu describes different types of

breakwaters and classifies them in the conventi¢nal way and new ones like pile breakwaters,
stabiplage, and defenced structureifwe-eﬂ-p}aimd%
\,_‘Ll |
In_Chaptey 2 reviews the development in brea}\kwaters through the literature survey and
explains the evolution of breakwaters through the history of breakwaters, improvements in
design formulae, impact of governing parameteré: on the design. Developmenti of modern
breakwaters is explained through improvements m their design and construction. Also
performance appraisal and damage of rubble mounci‘—-é_s‘fruc_tures are discussed. The design and
performance of submerged breakwaters, reef sti%}lctﬁres and protected structures : are-

R esated~-at-theemd:

Lhapter 3 whﬁe-ﬁmsemmg"ﬁ'?e‘%ﬁmmﬁh}@mahmQdelktestm;gm@fwbma}ewtewpl&lm
th.e:%mpo'glance of dimensional analysis and need for plannmg the experiment. It discusses
model scale selection, limitations of model testing, scale effects uncertainty and describes the

standard test procedure of testing of breakwater models. 1"\_‘

.II,
Al i

The back ground, formulation of the present researchi probler;li, necessity and relevance of the
present study and scope of Work-&m-e;@plained,d&@haptm "\_&\ |

- '

Details of present experimental investigation including the \‘\q::letails of the laboratory
conditions, dimensional analysis, hydraulic modeling, objectives arid experimental procedure »
a@e—explamed-ﬂﬁ-@l?ﬁehi \\"‘-.

Chapter.b.desctibas the stability studies conducted on the models of conventzonal breakwater

and submerged reef.
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7 {
Chapters 7,.8 and-9 explain the investigation of performance of protected breakwaters with

spacings of 1 m, 2,5m and 4m respectively.

Summary of the work is sited, overall conclusions are drawn, the design of the defenced

breakwater is explained and suggestions for future work are Tisted in chapter 10.

Refetences, cost analysis of conventional and defenced breakwater, list of publications and

brief resume are presented in appcndixés 1, 2, 3 and 4 respectively.
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Chapter 2
Development of Breakwaters

2.1 GENERAL

As per US Army Corps of Engineers (2001) “A Imound of randomly shaped and randomly
placed stones protected with a cover layer of selected or specially shaped concrete armour
units built to protect shore areas of harbour anchorage or basin from the effécts of wave action
is called Rubble Mound Breakwater”. It is a heterogeneous assemblage of natural rubble,
undressed stone blocks, tip rap, supplemented in many cases by artificial blocks of huge bulk
and weight, the whole being deposited without any regard to bond or bedding. Rubble mound
breakwaters are traditionally trapezoidal in cross section and are widely used. This is the
simplest type and is constructed by tipping or dumping of stones into the sea till the heap or
mound emerges out of the water and can be economically built. The mound being
consolidated and its side slopes regulated by the action of waves. The quantity of rubble
depends upon water depth, rise of tides and wave exposure. Rubble mound breakwaters are
the structures which, man has been constructing since ancient times for protection from high

Wdaves,

This chapter discusses the history of breakwaters, improvements in design formulae, impa.ct
of governing parameters on the design as well as developments in their design, construction,
performance appraisal and damage of rubble mound structures. Also the design and
performance of submerged breakwaters, reef structures and defenced structures are

enumerated.

2.2 EVOLUTION OF BREAKWATERS

The history of breakwaters can be traced to 2000 to 3000 B.C. in Egypt and Myceanae, old
name of modern Greece (Tamimoto and Goda 1992). But the proof of construction of
breakwaters was unearthed by Jacques Cousteau in late 1970’s. He discovered the under
water remains of Minoan breakwater, which was 4000 years old, while searching for lost city
of Atlantis (Price 1978). Fig, 2.1 shows the flow of historical development of breakwaters
(Tanimoto and Goda 1992), Begimming from primitive reef and dyke of natural stones, as
shown in Fig. 2.1, various sequences are noticed in the structural development towards the

increase in the stability against waves and saving the material and cost.
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'Fig. 2.1. Historical devc—:lopmenf of breakwaters

But the details of these structures have been discussed after the construction of the first
modern breakwater at Cherbourg in France in 1784 — 1790 A. D (refer Fig. 2.2). This is a
massive structure with a uniform slope of 1V: 3H which is 3.85Km long and has consumed
2 7Mm° of stones. Fig. 2.3 shows the first concrete mound breakwater built in Algeria in
1830, where, concrete units were simply dumped, which is called pell-mell placement. Then
in 1879, the breakwater stability was improved by placing concrete blocks stepwise and

Genoa breakwater (Italy) was constructed as shown in Fig. 2.4,
18
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As blocks were overlapped more and more to increase stability, the structure eventually
became a vertical wall breakwater. In this way a vertical breakwater with a low rubble mound

was designed in Naples (Italy} in 1900 as shown in Fig. 2.5.

T
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Fig. 2.5. Cross-section of Naples breakwater

2.3 CASE HISTORIES OF BREAKWATER FAILURES

In 1930°s vertical wall breakwaters failed one aﬁef another, e.g. breakwater at Catania (taly),
as shown in Fig. 2.6. These were re-constructed as rubble mound breakwaters and then
onwards such structures were predominantly adopted world wide as they were the most stable
type of structures. In 1966 the dolosse block were first introdnced by Merrifield and
Zwamborn in the 10 coastal Engineering conference at Tokyo as one which weighs 1/5" to

1/6% of 2 stone to resist the same wave height (Whillock and Price 1976).

T»a%di.‘.

Fig. 2.6. Damage of Catania breakwater

To reduce the cost, to dissipate wave energy and to evade restrictions of patent soon other
shapes of artificial armour units like teirapods, tribars, cubes- ete. were inventéd. These
artificial concrete blocks could be used to build breakwaters with steeper slopes bringing
hence, structures require smaller space and could be cast of required weight (Price 1978). In
1978, Sines breakwater (Portugal) which was a massive rubble mound structure built in deep
waters, failed badly due to cyclonie waves. The other breakwaters which were damaged due
to extreme waves in excess to design waves were at Kahulai, Hawaii, 1958, Gansbaai Cape
Town, South Afiica, 1970 and 1977, Torshavn 1972, Hirt Shab Harborn, 1973, Crescent city
California, US 1974, Nawi Liunli Hawaii, 1976, Rosslyn Bay Queensland, 1976, Comeau,
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Qubec, Canada, 1976, Humbolt Jetty California, 1976, Azzawiya Libya, 1979, El Djedid Port
of Arzew, 1980, Tipoli Libya, 1982 and Mogadishu Somaliya, 1982. Most of these structures
had artificial concrete armour units, Most of these structures were badly damaged due high
wave load, poor interlocking and insufficient structural strength of dolosse units and
geotechnical instability, while, other breakwaters failed due to loss of toe support and
morphological changes (Davidson and Marcle 1976, Edge and Magoon 1979; Zwamborn
1979, Linteringren and Chandrasekhar 1989, Sorensen and Jensen 1986 and Kaldenhoff
1996). These failures gave birth to safer breakwaters like berm breakwaters, submerged
breakwaters and reef breakwaters.

24 MODERN RUBBLE MOUND BREAKWATERS

Rubble mound breakwaters are suitable for all types of foundations. They can be constructed
up to 50m depth economically and can easily be repaired. They do not require skilled labour
for construction. But for deep-water sites and at locations having large tidal ranges, the
quantity of stones required may be large causing high expenditure. The traditional and most

widely used are the rubble mound breakwaters.

The traditional rubble mound breakwaters generally have three layers of stones namely
primary layer, secondary layer and core. Fig. 2.7 shows typical cross section of the rubble
mound breakwater (Us Army Corps of Engineers 1984). Stone sizes are given by weight and
the cross section shown in the figure illustrates typical dimensions for breakwaters exposed to
waves on seaside and is intended to allow minimal wave transmission to the other (leeward)
side. On exposed sites, the waves gradually drag down the mound, giving it a flat slope on
the sea face. The disturbing action of the waves is most keenly felt around high water and low
water levels. It is the region that the structure is most severely tested. Conventional
breakwaters of this type are usually designed with crests ‘elevated such that overtopping
occurs only in the exceptional cases of very severe storms with long return periods. The

primary layer is directly exposed to the severe wave action. So, it should be strong enough to
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Fig. 2.7. Typical cross sections of non-overtopping rubble mound breakwater

resigt the action of waves. Apart from dissipating the wave energy, it should act as protective
cover layer for secondary layer and core. The core usually consists of quarry run. The main
use of the core material lies in forming a huge mass or heap to act as a barrier. The core
should be permeable enough to dissipate the wave energy by transmission conditions

maintaining the necessary degree of tranquility conditions on lee side.

All the designers knew that to withstand high wave loads over the breakwater lafge stones are
required. Till about 1933, there does not seem to be prevalent any recognized relationship
between the height of waves, slope of breakwater, size and density of armour stones. The

design of rubble mound structures was based only on expetience and general knowledge of
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site conditions. The breakwaters were designed purely on the comparative basis i.e.,
considering the behaviour of a breakwater constructed earlier and using it as the basis for the
design of next one without caring for the actual local conditions. Sometimes they were under
designed or were over safe. Great attention was given to personal discretion and judgment,
since those factors that might influence or standardize design were little understood.
Undersfanding of the wave structure interaction is the primary requirement of design of any
marine structure. However, Oumeraci (1984) as quoted by Hughes (1993} writes that in the
case of rubble mound breakwaters, the wave structure interaction has not been completely
explained and the stability of these structures cannot be modeled mathematically. The design |
of tubble mound breakwater has to be therefore semi empirical relying more on laboratory
studies and field experience. This has made it difficult to arrive at a design, which is both,
safe from (he structural standpoint as well as being favourable from economic point of view.
Although later several formulae were introduced, it was left to Hudson (1959) who through
several model tests on stone armoured breakwater sections subj ected to regular waves and
evolved a simple design formula. Later, several mathematical models, software were
developed for predicting sea states and derive wave characteristics, design and estimate the
cost of the breakwater (Pranesh and Ramulu 1989, Haan 1991, Hughes 1993, Van Gent and
Vis 1994, Cesar et al. 1995, Hegde 1996, Mai et al. 1999, Delft Hydraulics 2001, Mendez et
al. 2001, Rambabu and Mani 2001, 2002 and Twu et al. 2001).

Subsequently, Hudson (1959) formula has been revised. Based on wave height, structure
slope, and breaking or non-breaking waves, stability coefficient is selecied, then, armour
stone weight can be calculated using this formula. Van der Meer (1988) conducted wide
ranging physical model tests on rock slopes using random waves. He improved Hudson
formula by including storm duration, permeability, wave period and type of wave breaking
and introduced new stability equations to calculate armour umit weight. Belfadhel et al. (1996)
mentions about Sherbrooke University formula, Bertram formula and Koev formula which are
field tested at some sites. However, there are difficulties in estimating some parameters in the
new formulae given by Van der Meer and Belfadhel et al, have not been satisfactorily
evaluated for large number of sites. Therefore, Hudson formula, which is simple, is very

popular among the field engineers and is very widely used (Kudale and Dattatri 1994).
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2.5 DESIGNING THE BREAKWATER ARMOUR UNIT WEIGHT
'Many researchers through their studies proved that armour stability was a function of wave
height, wave period, wave groupiness, wave breaking, water depth, structure slope, armour

unit weight, armour gradation, storm duration and porostty. Each of them investigated

 structure stability with respect to different parameters (Hudson 1959, Ahrens 1970, Brgin and

Pora 1971, Bruun and Gunbak 1976, Kondo et al. 1976, Johnson et al. 1978, Carver and
Davidson 1982, Ahrens 1984, Timco et al. 1984, Van der Meer and Pilarczyk 1984, Gadre et
al. 1985, Van der Meer 1988, Hall and Kao 1991, Poonawala et al. 1994 and Hegde and
Samaga 1996). The design of rubble mound breakwater consists of determining the weight of
the primary armour unit placed on a given slope to be stable under design wave conditions.
The other dimensions such as secondary armour unit wei ght, core material wei ghf, crest width

ete., are determined in terms of the primary armour weight.

The various formulae presented by different authors (Poonawala 1993} are shown in Table,
2.1. These formulae give the required weight of primary armour stone as a function of slope

angle; wave height, specific gravity of stone.

Several formulae have been developed over the past 40 years to evaluate and predict the
stability of rubble mound structures against wind waves. Most of them have been derived
from laboratory investigations using regular waves like the well-known Hudson (1959)
formula. But, it is Hudson (1959) formula, which is still widely used around the world. These
formulae are generally easy to use but do not consider all the parameters that influence the
stability. With the advance of wave generation technology, another type of formuiae have
been developed based on irregular waves, thereby more accurately representing the prototype
conditions (Thompson and Shuttler 1976; Van der Meer 1988). The important formulae are

explained below.
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Table. 2.1. Various stability formulae to compute armour unit weight

Author Country Formila
W < 0.704 53y,
CASTRO SPAIN (Cotar +1y°&° JC’ota -2
' K H3y
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(uCosa - Sinay A>
3 .
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) (;z—Tana)S A
. P
HUDSON US.A W=
: K pCotas
0.016252Ty,
HICKSON AND RODOLF | USA : ST o
350 3
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2.5.1 Eqadro Castro formula
The first attempt to correlate the weight of armour stones with the wave height was done by

the Spanish Engineer Eqadro Castro in 1933 (Carvalo and Vera Cruz 1960),

2y,
W =0.704 : TR e @1
(cotz +1) A*(cota —2/7,)

Where,
W is weight of the individual armour unit in metric tons, H is wave height in meters, S is

specific gravity of armour units and o is angle of breakwater slope.

This formula was based on theoretical assumption that the destructive action of wave is
proportional to its energy and the stability of the units under wave action is inversely
proportional fo a function of the angle of slope. This formula yielded small values for W and
making the angle of repose dependent of specific gravity of the ammour units. Harbour
engineers rejected this formula, which, remained Withbllt practical application. Since theﬁ,
the design of rubble mound breakwaters has been considerably rationalized. Extensive field
and laboratory studies have been undertaken to correlate the wave characteristics and the size
of the armour stone. The original purpose of laboratory investigation was to provide data
from which an efficient design of rubble mound breakwater could be selected for different _

conditions of use and wave attack.

2.5.2 Trribarren formula
The very first rational approach of the modern age design.of rubble mound breakwaters was
given by a Spanish researcher called Trribarren who considered the principal resistant force as
the one resulting from friction between the blocks. The formula suggested by Irribarren
(Hudson 1953, 1959 and Poonawala 1993) was
Ky, u’H>
. AN pcosg —sine)’

Where,
W is the weight of individual armour unit; K is coefficient depending on the armour units
used (k = 15, for natural rock), H is wave height in meters, v, is specific weight of the armour

units in tons per cubic meter, y¢ is the specific weight of the liquid in which the rock is
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submerged, « is angle measured from the horizontal, of the exposed breakwater slope and p is

the effective coefficient of friction between the armour units.

The basis of the Irribarren equation is that the hydrodynamic forces tending to replace the
rock from the breakwater slope are proportional to wave height, area of the rock face on

which the forces act and the specific weight of the liquid.

Experiments at the Waterway Experiment Station, Vicksberg, Washington, USA. indicated
that wave acting on the breakwater tends to do one of the following things:
1. The wave may completely break with the direction of jet approximately
perpendicular to the slope.
2. It may be reflected forming a standing wave system seaward of the structure.
3. It may partially break with the resulting jet action, poorly defined with a portion of

the wave energy reflected.

The effect of the variables such as voids in the rubble, shape of armour units and effective
roughness which were not included in the formula, must have been included in the coefficient
K. Irtibarren assumed the coefficient K to be constant irrespective of the slope of the
breakwater, Irribarren defined the coefficient of friction p as the tangent of the angle of
repose ¢ for quarry stone and took its value as unity. The tests at the Waterway Experiment
Station, Vicksberg USA, showed that the value p varied appreciably with the shape of armour
unit and the method of placing these units in the cover layer. Hudson (1953, 1959) write that
at that time it was concluded that the Irribarren formula could be used to correlate the test data
and that it could be made sufficiently accurate for use in designing full-scafe rubble mound
breakwaters, if sufficient test data were available to evaluate the experimental coefficient K.
But, tests conducted later showed that K couldn’t be determined accurately unless
comparative values of p could be obtained for different shapes of armour units. Besides this
Irribarren’s formula does not represent the effects of impact forces on the armour units, nor

does it consider stability of units subject to up rush (Mettam 1980).

2.5.3 Hudson formula
Hudson (1959) reviewed the Irribarren formula and found it to be inadequate. He conducted

exhaustive laboratory studies and on the basis of experimental results, Hudson arrived at the
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new formula for the weight of the primary armour units. The stability formula was developed
by equating the total drag and inertial force of regular waves to the relevant component of the
weight of the individual units. According to Hudson, the wei ght of the individual armour unit

is given by

T 2.3)

Kpaacota

Where,
Yr is specific weight of amour units, H is design wave height, A is the relative mass density of

armour and Kp, is stability coefficient,

In deriving the stability formula Hudson neglected the friction between the armour units, He
also assumed that the dynamic effect of the waves was to 1ift and roll the armour units from

their initial positions on the breakwater siope.

Some of Hudson’s conclusions are:

L. This formula could be used sufficiently accurately for no damage and no
overtopping criteria. It means that a maximum of one percent of armour stones only
can be displaced from their initial position when subjected to wave attack with the
wave height equal to the design wave height.

2. Kop equal to 3.2 is adequate for quarry stone armour, which includes the safety factor
also.

3. The stability of rubble bound breskwaters is not appreciably affected by the
variation in relative depth (d/L) and relative wave height (H/L) for the conditions
tested. However, when waves directly broke over the breakwater, these parameters

are important.

The great merit of Hudson’s dimensionless stability coefficient Kp lied in the fact that it was
constant irrespective of the slopes. The safety factor should be determined from laboratory
studies for each specific breakwater design (Carvalo and Vera-Cruz 1960). Booth (1960) felt
that the Kp value given by Hudson could not be considered as final as such large scale model
tests are required to negate the scale effects to conclusively arrive at the Kp value. Slichter
(1960) opines that further research is required to explore relative effects of armour unit shape,
porosity and reaction between units on armour stability. The stability coefficient K, in .the
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equation includes all the variables other than structure slope, wave height, and unit weight of
the armour material and the fluid in which it is placed. The value of Kp, depends primarily on
the shape of the armour units, sharpness of the edges, surface texture, degree of interlocking
obtained in placing the units and also whether the wave is breaking wave or a non-breaking
wave. Hudson formula is empirically obtained from extensive tabulation of Kp values by
scale model tests of non-overtopping conditions and for certain breakwater cross sections.
Accepting the hydrodynamic phenomena, we cannot ignore the different flow characteristics
oceurring on the breakwater by assuming a constant stability coefficient Ky, for the whole

range of wave periods (Bruun and Gunbak 1976).

Hudson (1959) did not consider the influence of the variables such as wave period, wave
steepness, wave breaking, up rush, down rush, duration of the storm, degree of overtopping,
damage history, friction, porosity of armour units, permeability of core, armour gradation,
structural strength and randomness of incident waves in his stability eguation though he
acknowledged the importance of the role of these critical variables played in the armour
stability. Hudson’s tests were for relatively deep waters (/L = 0.063 to 0.5) and Hudson
himself noted that wave period was important in shallow water when waves were directly
breaking on the structure (Hughes 1993). It is also argued that the value of Kp is too simple to
represent the stability of armour units and should only be accepted as a first approximation
(Bruun and Gunbak 1976, Mettam 1980 and Pilarczyk and Zeidler 1996). Another view is
that Hudson formula was designed for quarry stone armour and with in the scatter of his
results there was probably a small dependence on the wave period and it was so small that he
was justified in ignoring it. But for artificial concrete armour blocks wave period was also
important (Price 1978). Baird and Hall (1984) listing a number of difficulties with the
construction of breakwater designed with Hudson formula like large stone weights speed of
construction eic., suggested berm breakwaters as an alternative which require smaller stone
weights and simultaneously save about 50% to 70% of the construction cost. One more view
is that Hudson’s lab experiments covered a wide range of wave periods (0.88sec to 2.65sec)
and most critical value of stability number obtained have been used to evaluate the stability
coefficient Kp, thus incorporating the effect of the wave period (Maitta and Dattatri 1994).
Hudson developed his formula for stone armour subjected to regular waves and does not
Include the effect of irregular waves and he did not specify what wave height of irregular

wave train is to be used for the design.
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As new types of armour units have been developed, their effectiveness has generally been
measured by quoting the value of Kp in Hudson’s formuta in relation to their behaviour in
model tests. Hi.;;wever, Hudson’s formula was originally developed to repreéent the behaviour
of natural rock-type materials, which retain their stability under wave action principally by
their own weight and without any significant interlocking with adjacent units (Mettam 1980).
Development of new types of artificial armour units, which to varying degrees, do not behave
in the same way as natural rock, has highlighted the limitations of Hudson's formula, The best
known such unit is dolosse which relies principally upon its interlocking with a number of
surrounding and underlying units to prevent displacement. For this reason dolosse units may
be less than a third of the weight of the natural rocks required to resist similar wave load
conditions. The Hudson Kp values for dollose and other interlocking ﬁm’ts are convenient in
comparing their weight- for - weight efficiency against more traditional forms of breakwater
ar.mdur. This does not mean that Hudson formula represents their behaviour or such
comparisons are valid as this equation was developed for natural rock (Mettam 1980).
Further, the disadvantages of large interlocking blocks, like dollosse and influence of
permeability of armour layer on ité stabiﬁty have led to development of new blocks with

voids.

The great advantages of the Hudson’s formula are its simplicity, and the wide range of armour
units and configuration for which values of Ky have been derived (Pilarezyk and Zeidlar
1996). US Army Corps of Engineers (1973) recommended Hs and in 1984 the same agency
recommended Hiyo for the design and revised the Kp values e.g. the Kp value for breaking
waves was revised from 3.5 to 2.0, The effect was that the armour stone weight increased by a
factor of about 3.5 (Mettam 1980 and Pilarczyk and Zeidler 1996). However, the British code
BS 6349 Part 7 recommends, Hudson formula with Hg and the same values of Ky, for natural
rock armour, but has introduced conservative Kp values for concrete armour (Mettam 1980).
The values of Kp for different conditions are again revised in US Army Corps Engineers
(2001) such as with respect to the types of armour units, their placement, section of the
structure and types of waves. Due to the peculiar characteristics of damage to head section of
the breakwater, different X, values have to be used the head and trunk sections.

2.54. Va‘lx

Van der Meer (1988) established new stability formulae for rubble mound breakwaters

er Meer formula

subjected to random wave aftack, with comprehensive model investigations at Delft

Hydraulics, The Netherlands. Those include structure with a wide range of core, under layer
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perm'eabi]ity’s and a wide range of wave conditions. Two formulae were derived for plunging
and surging waves, respectively, which are now, known as the Van der Meer formulae. All
the test results showed a clear difference between plunging and surging waves. Minimurm
stability was found for the transition from surging to plunging waves, referred to as collapsing
waves. Using curve-fitting technique, Van der Meer (1988} specified two stability formulae,

as follows:

For plunging waves,

H
MMSO

- 6 2PU.]B[i 02 -{.5 | (2 4)
. m T T T Tretssaiis i EEEREEERREY b

For surging waves,

0.2 :
Hs —0.13 S J 0.5 &P
=1.0p —=| f{eotx)" &, O (2.5
A Dyso [ﬁ ( )e . , )
Where,

A is the relative mass density of armour, S is the damage level, H; is the significant wave
height at the toe of the structure in meters, o is angle of the breakwater slope with horizontal,
P is permeability coefficient, N is number of waves, &, is the surf similarity parameter, Dysp

(= (Ws/y)™) is nominal diameter of the armour unit in metres and W50 is mean weight of

armour unit.

The transition from plunging to surging waves can be calculated with a critical value of

&, =627 Vaana )™ oo e 2.6)

For cot a > 4.0 the transition from plunging to surging does not exist and for these slope

angles only equation (2.4) should be used.

The variables in the Van der Meer formula and the possible range of each variable are listed
in Table. 2.2.

Table. 2.2. Variables and their ranges used in Van der Meer formuia
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Variable - Expression Range

Wave Height H/AD, 30 1.0-4.0
Wave Steepness Sm 0.001 — 0.006
Surf similarity parameter En 0.7-7.0
Damage as a function of no. of waves SAN <0.9
Breakwater Slope Cot o | 15-60
Grades of armour stones _ ) DussBhars 1.0-2.5
Permeability of structure I P _ 0.1-06

These formulae included parameters such as wave period, storm duration, random wave
conditions and a clearly defined damage level. Thé starting level of damage (i.e. S =2 to 3),
1s equal to the definition of no damage in the Hudson’s formula (2.3}, The mass density value
in the Van der Meer’s equation is 2,000 to 3,100 Kg/m3. Van der Meer allowed 5,000 to 7,000
waves during his investigations. The stability formulae specified by Van der Meer (1988)
agree well with the results and are a substantial improvement in comparison with Hudson

(1959) formula. |

Rao and Raju (1992) conducted the sensitivity analysis of this formula for the wave heights

ranging from 5m to 11m, for wave periods varying from 9sec to 11sec while slope increased

from 1:2 to 1:5. They found that weight of the armour is directly proportional to wave period

and varies inversely with permeability structure slope and density of the armour. They further
report that Van der Meer formula gives smaller armour weight compared fo that calculated
using Hudson criteria with a Kp value of 3.5. And the percentage variation of weight of

armour decreases with an increase in the wave heights.

2.5.5 About new design formulae

In developing new formulae, Ky, has fo be separated into a mumber of functions related to each
element of the problem as a single Kp value of Hudson formula can’t be expected to be a
constant even for a particular armour unit under all circumstances. Due to scatter expected in
the test results, it is necessary to have some sort of risk analysis. Impact of each of the critical
parameters on the stability of the armour layer has to be studied in'dividual.ly and in
com.binations to take the worst scenar’_io. Problems Qf breakwater stability in deep waters

should be separately studied. Until new formulae are discovered, limitations of the present
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formulae should be recognized and they should not be used out of context. If this happens it is

likely to be misleading and even dangerous (Mettam 1980).

Van der Meer formulae, though versatile, incorporate such parameters like permeability -
which is difficult to evaluate and quantify to a degree of accuracy and reliability required for
design. This has limited the use of this new formula for the design of breakwaters. InISpite of
the use of this complex formula, the efforts required for a physical model testing has not been
reduced (Mattra and Dattatri 1994).

2.5.6 Sherbrooke University formula

This formula was derived from the Hudson formula and based on regﬁlar wave test on both a
steep (1V:1.5H) and flat slope (1V : 3H). The tolerated damage for a given design is clearly
expressed by replacing the stability coefficient Kp used in the original form of the Hudson

formula by the actual percentage of damage within the active zone (Belfadhel et al. 1996).

The fom_lula expressed as,
Wso =188 oo Hi /(N cot a8 PP oo (2.7)

Where,

Pq is percentage damage within the active zone delimited by an elevation of one wave height
(H;) below and above water level, H, being the wave height corresponding to the start of
damage, Hg is design wave héight. S is the ratio of eroded area A to square of the norminal
diameter Dyso which is the number of cubic stones with a side of one nominal diameter Dysp
eroded within a bandwidth of Dysq,

Py = (ASin ¥ 100) Fy 2HL) oo (2.8)

Where,
A is eroded area and is given by S*D 5 * and E, is riprap thickness

From the laboratory results, the start of damage percentage was characterized by the erosion
of only few blocks and corresponding to about 8 = 1. For a riprap of a 2D, thickness, this
criterion would correspond to a damage percentage Py between 1.5% and 4.5% for slopes
ranging from 1:3 to I:II.S. Since the active zone becomes more extended for fat slopes, then

for the same volume of eroded block, the intensity of damage is more umportant in case of
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steep slopes. Therefore, if 5% damage is considered, one should realise that the number of

- eroded blocks S, tolerated is greater for flat slopes than for steep slopes.

Nagaraj et al. (2002) carried out sensitivity analysis of Sherbrooke University formula for a
breakwater of natural rock stones as armour units. The armour unit weights are calculated by
varying the parameters like design wave height varying from 1.5m to 3.0m, slope of 1: 1.5
and 1:2 and percentage damage varying from 5 to 29.5. This is done by one by one while
keeping the other parameters constant. Sensitivity coefficients are calculated taking the base
value for the design wave height as 3.0m and base value for the stability coefficient as 15.50.
However, from their study it is observed that armour unit weight is highly sensitive to design
wave height, while it is sensitive to other two design parameters such as structure slope and

percentage damage.

2.5.7 Bertram formula

Taylor first presented this formula at 132 Congress on Large Dams, 1973 (Belfadhel et al.
1996)

Hp = 0.388Wsg™(b cot )’ tanh ((2nd)/L)a oo (2.9)

Where,

a and b are empirical coefficients, which depend on the riprap slope,

Forcotae =5-10,2a=1/3 andb= 1,Forcoter =2-3,a =1/5 and b=0.75,

Hp is design wave height (in ft) for zero damage, W is median stone mass (in Ibs), d is water

depth at the toe of slope, L is wave length.

Very little information is available on the development of this formula. Tt was used to design
the riprap of Churchill Falls Complex and then, later was used for most of the riprap of the La

‘Grande complex,

For deep water conditions (d/L > 1/2), the term tan (2nd/L) is equal to 1, For slopes ranging
from 1:1.5: to 1:3;, the formula becomes,
Hp = 0388 Wss™ (0.75 cot @™ ..o (2.10)

2.5.8 Koev Formula
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From a comparison point of view, this formula is interesting because it is derived from
statistical analysis of 21 formulas developed using regular waves, fepresenting most of the
existing formulae considered for breakwater armour layer design. This formula is similar to
the Hudson formula but includes the wave steepness (Belfadhel et al. 1996) as given below.

Wso = (0.1421 Hp’ p)/(A cot of** (/1) 2355 e (2011)

The formula is statistically valid for wave stecpness varying between 0.04 and 0.1 and slope
cot o between 1.11 and 2.0. According to Koev, as quoted by Belfadhel et al., it is more

accurate than all other formulas considered in his analysis.

Nagaraj et al. (2002) carried out sensitivity analysis of Koev formula for a breakwater of
natural rock stones as armour units. The armonr unit weights are calculated by varying the
parameters like design wave height varying from1.5m to 5.0m, slope of 1:1.5 and 1:2 and
varying wave steepness. Sensitivity coefficients are calculated taking the base value for the
design wave height as 3.0m. However, from their study it is observed that armour unit weight
is relatively more sensitive to design wave hei ght, compared to other two design parameters

such as structure slope and wave steepness.

2.5.9 Melby and Hughes formula

Hudson (1959) and Van der Meer (1988) formulae are empirical and donot describe the
variation in stability as waves shoal and become depth limited. Using the existing stability
relationships, it is difficult to determine how variations in incident conditions, bottom
bathymetry and structure slope will affect armour stability without performing extensive

physical model studies.

Melby and Hughes (2003) used the maximum depth integrated wave momentum flux N, to
describe armour stability and proposed the foilowing relationship:

No=f(®, 00 H/L P, S N, F/HY . ooovieeeiooee EE R T PO UR (2.12)
Where,

® is angle of repose of stone armour, o is structure slope, P is permeability of the structure, S
is (AJDnsoE ), damage level of the Ereakwater, Nis number of waves at mean period, F is
frecboard.

Authors have also have given a graph between above parameters which indicates a. nonlinear

refationship,
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2.6 STABILITY OF RUBBLE MOUND BREAKWATERS

The commonly used criterion for breakwater stability is given by the following expressioh.

N, = =(Kp Cot )" ..o e (2.13)

A¥* Dyso

Where,

N; 18 Hudson’s stability number, H is wave height, A is relative mass density of armour (i.e.
(Pr - Pw ¥pw), prand py, are the mass densities of the armour unjts and water respectively,
The design wave height that is commonly used in this formula is the significant wave height
Hs.

The value of N is usnally established by testing the breakwater until its damage reaches
equilibrium.  To attain this equilibrium, the time series of the sea state may have to be
recycled many times. The number of times it is recycled is an important parameter to be
taken into account. Unfortunately, this is not directly included in any stability formula. Van
der Meer (1988) has taken this aspect into account indirectly by relating the damage attained

after a certain number of waves to the damage anticipated after 5,000 waves.

2.6.1 Factors affecting stability

Many researchers have i‘ecog:nized that armour stability as & function of wave height, wave
period, water depth, structure slope, armour weight, storm duration, porosity, armour
gradation, wave breaker type and wave groupiness. They investigated the stability of a rubble
mount breakwaters with respect to different parameters listed above (Ahrens 1970, Ergin and
Pora 1971, Bruun and Gunbak 1976, Kondo et al. 1976, Johnson et al. 1978, Cafver and
Davidson 1982, Poonawala et al. 1994, Timco et al. 1984, Van der Meer and Pilarczyk 1984,
Gadre et al. 1985, Hall and Kao 1991, Hegde and Samaga 1996). The above factors affecting

 the stability of breakwaters are classified in two groups and briefly explained below.

Environmental variables
1. Wave height
2. Wave period and duration of wave attack

3. Wave Breaking
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4. Wave groupiness
5. Depth of water
6. Wave Steepness

7. Wave run-up and ru.n down
Structural variables
Geometry of the Breakwater
Armour gradation
Thickness of the armour layer
Porosity and permeability of the structure
Seabed slope

Method of construction

L

Foundation

2.6.1.1 Wave height

This is the most important parameter affecting the stability of breakwater. Every investigator
has recognized the importance of this parameter. Wave forces acting on armour are generally
| proporticnal to cube of wave height where other factors remain constant. Generally, damage

of breakwater increases with an increase in wave height.

Rogan (1968) as quoted by Font (1970) concluded that effect of local wave storm is similar to
that of periodic waves (i.e. regular waves) with height equal to storm H;, Placing technique is

important during initial damage but less reluctant for advanced damage (Font 1970).

Hudson’s formula uses significant wave height (H;) whereas some of the other formulae like
Van der Meer’s have been developed using random waves. Many researchers argue that Hg do
not represent the affect of a train of random waves naturally occurring in sea. There are
counter arguments too. Ergin and Pora (1971) argue that Hg in lab tests have same effect as
irregular waves in nature with representative wave height of sea. Damage due to regular
waves 18 same as that for irregular Waves. for design wave height and more than that of -
irregular wave train for waves higher than ldesign wave height. Thus using regular waves for

model tests would give conservative results,

Oullet (1972) studied effects of irregular wave trains on rubble mound breakwaters and

concluded that effect of irregul_ar wave train can be compared to that of periodic wave with
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- height equal to Hy of wave spectrum and the effect depends upon the wave spectrum being

used. The ratio of maximum wave height to Hg was an important parameter to be considered.

It is commonly assumed that rubble mound breakwaters are more stable to oblique wave
attack since wave heights are reduced by refraction and armour units are effectively on a
reduced slope (Whillock and Price 1976).

Carver and Davidson (1982) experimentally discovered that breakwater stability is minimal
for H/d > 0.9 and wave steepness of 0.06 to 0.085.

The US Army Corps of Engineers (1984) recommends the use of Hyjyp (average of the highest
one-tenth wave heights) instead of the Hg in the estimation of the stability mumber; but his
parameter also suffets fromr the limitation that it cannot account for the total duration of the

test.

Van der Meer (1986) concluded that wave spectrum shape has no influence on the stabilityof
the breakwater. He also observed that for longer period waves (large surf similarity parameter
£), more water percolates and flow through core. This reduces the wave forces and structure

slope is stabilized.

Cesar et al. (1995) mentions that the description of a sea state just by its variance spectral
density and duration is not enough to analyze the stability of rubble mound breakwaters, since
it does not include an adequate characterization of the large waves in that sea state. Numerical
simulation has been used by them to demonstrate that different time domain characteristics
result from the simulation of a sea state solely defined by its spectrum and its duration, As a
result, it was also possible to obtain drastically different damage values on a given
breakwater. The results of numerical simulation were used to illustrate that a given sea state -
described only by its spectrum and by the duration of its time series can result in drastically
different wave. height statistics in physical models. Therefore, arguments were made for the
us¢ of a parameter that can adequately describe the wave height statistics actually realized in
the model. This is followed by an illustration of hypothetical breakwater damage, justifying

~ theuse of a parameter that can account for the total number of storm cycles used in the model.

2.6.1.2 Wave period and duration of wave attack
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Wave period is the parameter, which affects the stability indirectly, by affecting some other
parameters like wave steepness, wave breaking characteristics, etc. The popularly used
Hudson (1959) formula did not take into account the influence of wave period. The effect of
wave period was first observed by Thompsen et al. (1972). They found that the stability was
greatest at high wave periods and decreased as the wave period decreased. For H,o/Lo > 0.03
(where Hy is zero damage wave height and Ly is the deep water wave length,) the stability
approached a limiting value and was relatively independent of wave period. As wave period
increased, some damage of dollosse breakwater was observed for smaller wave height. This
was because as wave period increased, wave surged on armour rather than break. This sot
high velocities over surface layer, causing damage to dollosse due to drag caused by surface
flow (Whillock and Price 1976).

The number of waves or the storm duration brings the final damage that is likely to occur to
the sttucture. For the given wave conditions, there is certain limit to the storm duration
beyond which it will not have further influence in terms of damage. Then the structure is said
to be in dynamic equilibrium. Thompsen et al. (1972) and Thompson and Shuttler (1976)
studied the damage histories against number of waves. For smaller significant wave heights,
the damage after 3,000 waves represented almost the total damage which was observed after
5,000 of higher waves. However, for higher waves it was nearly 80% of the total damage.
Van der Meer and Pilarczyk (1984) observed that with random waves a stable profile is not
found for less than 10,000 waves which is very different in the case of regular waves where

equilibrium profile is established within 1,000 to 2,000 waves.

Shekappa (1994) measured the damage after every 1,000 waves up to 4,000 regular waves, He
found that laboratory test with 2,000 waves would be adequate to give the final damage and
the magnitude of change in breakwater profile after 2,000 waves was insignificant. Hegde
(1996) concluded that the conventional breakwater will have 2 stable profile after about 3000

waves.

2.6.1.3 Wave breaking

The manner in which the waves break on the breakwater stope will influence the stability of
the armour. When plunging breakwater hits the armour with great impact, this impact has
only a small component which is tangential to the slope, so that it takes large wave to dislodge

the armour units. The uprush following the plunge is turbulent, spongy mass of water with
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great quantity of entrained air and has little impact against stones. The reduction in wave
height is seen to be more rapid for plunging breakers (due to mstantaneous_ energy dissipation)
compared o surging and spilling breakers (Narasimhan and Rao 1991). Also the return flow
of uprush appears to lack energy to overturn the armour unit. In case of surging breakers, it is
the down rush removed the armour stones. For the collapsing breaker, there is a'strong uprush
and down rush which dislodges the armour stones and breakwater has lowest stability (Ahrens
1970). That is the reason for which Battjes (1974) introduced surf similarity parameter & to

study tun up, reflection, wave breaking criterion and phase difference as:

§ =tan a/V(H/L) e 2.14)
$o = tan a/V(HylLy) STVRT b e eersree e e e s ooeeroeroneees (2.15)
Where,

&n &o are the surf similarity parameters for breaker and offshore region respectively, ais angle
of the breakwater slope with horizontal, Hy/Ly is ratio of breaking wave hei ght and deep water

wave length, Ho/L, is deep-water wave steepness.

Critical values of inshore surf similarity parameter, £, for different types of breaker are listed
below (Pilarczyk and Zeidler 1996)

Surging 3.0 -3.5<ky;
Collapsing 2.0<E,<3.0-3.5
Plunging 0.5<Ey>2.0;
Spilling £, <0.5.

The above figures seem to better apply to plane profiles and not natural barred ones,

Weisher and Bymne (1978) observed that breaking by plunging and non- plunging waves
occurs as follows:

Surging £,> 3.3

Plunging 0.5 <£,< 3,3

- Spilling £,< 0.5 for offshore and
Surging &, < 2
Plunging 4 < &, <2
Spilling &,< 0.4 for inshore where, Hgy/d, = 0.78.
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Later, Smith and Kraus (1991) as quoted by (Pilarczyk and Zeidler 1996) defined the

following transition values:

Surging or Collapsing 1.2<Ey
Plunging 0.4<Ey,<1.2
Spilling | £y <04

Ahrens and Mc Cartnery (1975) investigated the run up and stability with tae surf similiarity
: pérameter §. From their experiments they found that the lowest stability was for the periods
resulting in collapsing breaker. Bruun and Johannesson (1976) as well as Bruun and Gunbak
(1976) studied the effect of wave petiod on stability and concluded that the lowest of down

rush occurted with collapsing-plunging breakers when 2.0 <& < 3.0.

In the range of 1.5 < & < 5.0 .(collapsing and surging breakers), the stones are expected to
move down the slope and the rate of increase of damage shall be higher for higher & values.
In the range of & > 5.0, where only surging breaker occur on the breakwater slope, the
damage was expected to be fast and independent of E. Van der Meer (1988) has proposed

different breakwater stability formula for plunging waves and surging waves.

.2.6.1.4 Wave groupiness

Johnson et al. (1978) conducted experiments on dollosse arrﬁoured 1:1.5 sloped breakwater.
They concluded that grouped wave trains caused more damage and stability is significantly
affected by actual sequence of certain waves in a particular wave train, which tend to occur in
wave groups. Van der Meer (1986) concluded that groupiness of waves have no influence on

the stability.

2:6.1.5 Water depth

Earlier to 1980, design of large breakwaters (in deep waters) relied mainly on exirapolating
the existing state of knowledge, concerning design and ‘construction of breakwater in
rclatively shallow waters, to deep waters. This naturally involved risk of enlarging
uncertainties and inaccuracies inherent in breakwater design. When water depths are small,
waves loose their energy due to bottom friction. Whereas, large water depths can sustain
higher waves which can break close to the breakwater resulting in increased wave rnm-up and

run down causing higher damage to the structure,
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Weight of armour may be reduced by Y% at depth below 1/3 of toe depth and by 3/4 below 2/3
depth (Palmer and Walker 1976).

A 2 km long breakwater was coustructed with dollosse armour up to 42 fons in March 1972 at
port of Simes, 160 km south of Lisbon, Portugal, to provide mooring facilities for 3,50,000
DWT ore cartiers. This breakwater extended up to a depth of water of 50m. In F ebruary 1978,
severe storm broke the dollosse units and caused extreme damage to this breakwater due to

very large waves of 14m to 17m of petiods varying from 18sec to 20sec (Zwamborn 1979).

Insufficient structural strength of heavy concrete armour combined with steep slope (1:1.33)
caused failure of deepwatef breakwater at Port Arjew El Djedid. This was initiated by
compaction of armour due to vibration and due to run up and run down. A secries of
breakwater failwres around American, Buropean and African coasts from 1978 to 1982 (Edge
and Magoon 1979 and Chandrashekhar et al. 1985) focused the attention on inadequacies of
such an approach and resulted in series of analytical and experimental studies enhancing the
knowledge in the field of deepwater (more than 15m to 20m of water depth) construction of
breakwaters, Geotechnical stability of mound foundation is an important design consideration -

in deep water construction.
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2.6.1.6 Wave steepness .

Wave steepness (H/L) and wave breaking characteristics depends on wave height, which in
turn have a role in deciding the stability. The incident wave steepness has an important
influence on the wave-breaking phenomenon. Steeper waves cause higher damage fo

conventional (single) breakwater.

©2.6.1.7 Wave runup and run down

Run-up is the vertical height reached by the up rushing wave on a slope above mean water
level. Run-up is important in fixing the crest elevation for non-overtopping condition and
mainly depends on the structure shape, roughness, porosity, water depth at the toe of the
structure, bottom slope in front of the structure and incident wave characteristics (US Army
Corps of Engineers 2001). Run-up is an important factor to be considered for stability of
structure as run up level influences the inflow of water into the structure and also the

clevation of water level within the structure core causing differential hydrostatic pressures.

Hunt (1959) expetimentally proved that structure slope should be less than V(H/T?), then
waves will definitely break on the structure, wave reflection will be less and energy
dissipation increases by heat generated by turbulence of breaking wave. He feels that for
waves breaking over structure, H/d has very little effect on wave run up. But water depth does

have effect upon wave characteristics.

Le Mehaute (1976) indicated that the relative. run-up (R/H) was a function of dimensionless
parameters, fan «, the structure slope; 2nd/L or Kd, the relative depth; H/L, the wave
steepness, d is the depth of water, L is the incident wave length and H is the incident wave
ﬁeight. Based on the theoretical investigations, Le Mehaute made the following observations:
L. For a given H/L and d/L the relative ron-up had tendency to increase as the slope
decreases up to the pbin‘c where the waves begin to break. |
2. The relative run-up of breaking waves decreased as the slope continued to decrease.
3. For non-breaking waves, the relative run-up increased with the wave steepness.

4. For breaking waves the relative run-up decreased with increased wave steepness.

Quellet {1972) presented that the actnal run-up depended on the water depth, the incident
wave characteristics and the characteristics of the structure 1.e., the shape and roughness of the

armour unit.
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R/H = f(H/T®, 4/, Cote, roughness of facing) Feese e (20 16)

Where,

Ry is run-up, H is wave height, T is wave period, d is depth of water, o is slope of the
breakwater.

Thompsen et al. (1972) showed that, minimum stability of a 1V:2H sloped rubble mound

breakwater occurred for 2 < £ < 3,

Bruun and Gunbak (1976) while explaining design principles for rubble mound structures
write that when d/H > 3.0 effect of wave run up is negligible, As d/H is not always greater
than 3.0, also run up and run down increase from spilling breakers towards plunging,
collapsing and surging breakers and assume constant value for surging (€ = 4 to 3).
Permeability decreases wave run up. The effect increases as the slope angle decreases and
R/H increases with increasing &. Dudﬁg rundown, the pressure forces and boundary resistance
will all retard the rundown. Run up and rundown increase with an mcrease in & énd remain

constant for £ > 4.0 and d/H, >3.0.

According to Bruun and Gunbak (1976), the failure of breakwater is caused by combinations
of buoyancy, inertia and drag forces supported by the effect of hydrostatic pressure from the
core. These forces all seem to reach their maximum value for lowest down rush which occurs
at resonance. Resonance is the condition that occurs when rundown is in a low position and
wave breaking takes place sinultaneously and repeatedly at that location. Impact forces seem
to maximise around resonance condition. Strong drag and inertia forces also occur on armour
blocks due to high run up and rundown and accompanying large scale turbulence, At the same
time mean water table elev_ation in the core rises due to high run up, causing an outward
préssure on armour block. This effect will become even more significant when it is combined
with thc_ set down of mean water table outside breakwater. Resonance condition, maximum
impact and suction forces seem to occur under breaking waves for 2 < £ < 3.0 and minimum
stability of breakwater occurs at this stage. Therefore, the design wave for breakwater should
be that which produces most dangerous resonance phenomena (Bruun and Gunbak 1976).

For breakwaters of slope 1:1.5, maximum run ub could be up to 1.8 times depth of water

(Palmer and Walker 1976).
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Sollitt and Debok (1976) found that for a given wave period, T and steepness, shallow water
produced more runup and the run up increased with increased wave steepness and wave
period,

Armour damage due to displacement occur mainty due to rundown for steep slopes and run up

is damaging for flatter stones i. e. coto > 3.5 (Sorensen and Jensen 1986).

2.6.1.8 Geomeiry of breakwater

The overall geometry of the structure is decided based upon two layer thickness of each of the
primary and secondary layer, crest elevation with respect to maximum water level, run up,
overtopping, workability of section consistent with method and period of construction et
(Gadre et al. 1985).

Generally rubble mound breakwater is of trapezoidal shape which is also optimal (Pilarczyk
and Zeidler 1996). |

According to Harris (1996), the main parameters used to describe the general geometry of a
breakwater include the structure slope, the height of the structure, water depth at the toe of the
structure and the freeboard or depth of submergence of the structure, where, the freeboard is
the difference between the height of a breakwater structure and the water depth at the seaward
toe of the structure, The minimum crest width should be sufficient to accommodate thres

stohes.

According to Caldwell (1954) as quoted by Hunt (1959), the thickness of the structure is
important in wave enef-gy absorption. He showed that the wave energy absorption by the

structure continued up to a thickness of 2d, where d is the depth of water.

2.6.1.9 Armmour gradation

The shape and surface texture of the armor units determine the intetlocking, responsible for
stability. The difference between armour unit size and filter material size is given by the ratio
between Dysy (armour) and Dyso (filter). Thompson and Shuttler (1976) concluded that for a
value of this ratio less than 4.5, no filter stone would be removed by erosion fhrough armour
layer and the stability of the armour layer was not dependent on this parameter. A wide

grading of fine filter stones showed no influence on the stability of armour.
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Gadre et al. (1985) conducted experimental investigation to study the influence of armour
gradation stones and breakwater, recommend

1. Dis (above) / Dgs (beneath) < 5

2. 4 <Dys(above) / Dys (beneath) < 20 and

3. Ds (above) / Dsg (beneath) < 25

The above criteria be satisfied if secondary layer is two stone thick and its weight is W/10 to
W/15 and core material should be W/200 to W/6000 where ‘W’ is the weight of primary

armont.

If the fine material can’t erode through the armour layer, the stability of the armour layer is

not influenced by the grading and size of the filter layer (Van der Meer 1986, 1988).

2.6.1.10 Thickness of armour layer _

Greater the thickness of armour layer better the stability of the structﬁre 1.€., failure would not
oceur in early stages but this thickness has vary little influence on the zero damage wave
height. The thickness of the primary and secondary layer is determined by (Hudson 1959) as

, . |
P Kax(Wiy M e (2.17)

Where,

r is thickness of armour layer, n is number of layers of the armour units, K, is layer
coefficient (for rough quarry stones = 1.15), v, is specific weight of armour material, W is the

weight of the armour unit.

Hall (1987) as reported by Hall and Kao (1991) concluded that thicker armour layer is very

effective in reducing internal differential pressure in stable breakwater.
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2.6.1.11 Porosity and permeability of structure
Hunt (1959) mentions that according to Caldwell (1954), permeability reduces wave run up.
The wave energy absorbed by the structure varies linearly with porosity up to values of

porosity of 50% at which time, 90% of wave energy would have been already absorbed.

Sollit and Cross (1970) proved through the mathematical model that, the transmission
coefficient (Ky), through structure, decreases with decreasing permeability and reflection

coefficient (K;) decreases with increasing permeability.

As per Bruun and Johannesson (1976), the permeability/porosity of the structure has large
influence on stability. This is also endorsed by Thompson and Shuttler (1976), Hedar (1986)
. and Van der Meer (1988). The permeability of the structure is influenced by the thickness of
the armour Jayer, the sizes of the filter and core material. Permeability of core is an important
parameter in describing the stability of the structure, If the core is made of finer particles, the
hydrostatic pressure builds up in the core could be detrimental to the stability. Lower the core
porosity greater will be the damage due to lower dissipation of wave energy and higher pore
pressure in the core. At low porosity values, the damage was found to occur earlier ie.,
number of waves required to cause a required damage level was small compared to that at

high porosity.

The pervious breakwaters reflect fower waves and reduce run up, but allow shoreward wave
energy penetration. In rubble mound breakwater, transmission through the structure is
primarily decided by core layer only, but wave reflection is very much influenced by armour.
Pervious core layers installed in porous breakwaters effectively decrease transmitted wave

heights and possibly reduce reflected wave height (Kondo et al. 1976).

For an impermeable core, there is considerable rocking, displacement and breakage of armour
and in several places under layer is exposed during the model test. This 1s because the whole
seaward face of breakwater was almost continual ly underwater during wave attack, as it takes
larger time for water to drain off, than that for permeable core breakwater. In many instances
of impermeable core, water from one wave would still be on the face of the breakwater, when
next wave would hit. This may cause constant state of agitation of armour. Stability increases

with core permeability but predicting permeability of core is difficult (Timco et al. 1 984).
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Bruun (1985) as quoted by Hall and Kao (1991} reported that for a stable breakwater with a
range of 10% to 20% damage, for the core size varying by 500%, respective v_vave heights that
produce same damage differ by approximately 15% and stability is not very sensitive to slight

variation in porosity of core materials,

Water is temporarily stored in pores of structure, flows out with receding wave. This flow is
capable of dislodging smaller stones from the interior of 2 poorly constructed structure. Then
for a structure to remain intact and function effectively, the voids of armour layer should be
enough to result in efficient dissipation of incident wave energy, but should be small enough
to prevent the removal of stones from secondary layer through these voids. The filtering effect
thus achieved in a multilayered structure, which is a result of porosity which in turn depends
upon the gradation of armour, determines the eventual stability of the structure. Porosity of
various components of breakwater is important in determining the intensity of inflow and net
flow as well as elevation of water surface within breakwater etc. The'phreatic surface within
structure is higher or follow the wave action, depends upon whether the core is fine Or coarse,
Such different behaviour of phreatic surface causes different seepage forces which in turn
causes armour units to behave differently leading to a varying degree of stability of
breakwater (Hall and Kao 1991 and Hegde et al. 1997).

Hegde and Samaga (1996), through model tests concluded that Hudson formula is valid for
core porosity of about 50%, core porosity remarkably affects the damage of breakwater, Ag
porosity increases, stability too increases. They report that, armour weight is a function of

fourth power of wave period and gave polynomial type of design formula.

2.6.1.12 Seabed slope :

Sollit and Debok (1976) conducted experiment on rubble mound breakwater constructed on a
flat as well as on a 1:12 sloped bottom. They found that for large scale (1:10 and 1:20)
models, there was no difference In run up and run down of breakwaters constructed over flat
and sloped bottom and represent prototype conditions. However, for small scale (1:100)
models, they found that, run up 1s less by 20% and run down by 40% compared to large scale

maodels.

Wave attenuation is more rapid on flatter slopes and less rapid on steeper slopes. Reduction in

wave height seems to be more rapid for plunging breakers compared to surging and spilling
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 breakers. The variations of particle velocities are seen to be rapid and continuous for flat

slopes and gradual and discontinuous for steepet slopes (Narasinthan and Rao 1991),

Structures on steeper sea bed slopes, of the order of 1:10, suffer more damage compared to

flatter seabed slopes, of the order of 1: 100, particularly for higher wave heights, because,

- Hyp/dy > 1.0 for steeper slopes and larger waves break over the structures when seabed in steep

sloped (Poonawala et al. 1994),

2.6.1.13 Method of Construction

Randomly placed armour stones or pell-mell construction would have less stability compared
to those placed with special care, The method of placing units randomly, affects the stability
and repeatability of tests, was proved by Thompson and Shuttler (1976) during their
experiments, Also sIope stability is high with stones placed with their longitudinal axis
perpendicular to slope which is known as placed stones (Bruun and Johannesson 1976 and
Sollitt and Debok 1976). Displacement of one armour unit does not lead to sudden massive
failure; in fact the armour tends to heal unless it is grossly underweight. Keyed and. fitted

armour is several times more stable than loosely placed armour, Weight of armour may be

reduced by Y at depth below 1/3 of toe depth and by 3/4 below 2/3 depth (Palmer and Walker

1976).

2.6.1.14 Foundation conditions

Breakwater over a weak foundation is Jess stable and has an undue settlement If the

“underlying material is too weak to withstand the Superstructure, wedges of material will be

displaced which might result in uneven settlement due to which there will be instability of the
rubble mound. PIANC (1976) suggested some methods to strengthen the foundation and
improve the stability of rubble mounds like, removal of unsuitable material or replacing it by
sand or gravel, mereasmg the compaction by injecting sand columns etc. , Many researchers
also suggest alternative structures like berm breakwater, p11e breakwater, submerged structure

efc,
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2.7 DEVELOPMENTS IN CONSTRUCTION

Prior to 1980, design of latge breakwaters (in deep waters i.e. more than 15m to 20m) relied
mainly on -extrapolating existing state of knowledge, concerning design and construction of
breakwater in relatively shallow waters, to deep waters, And this naturally involved risk of

enlarging uncertainties and inaccuracies inherent in breakwater desi gn.

During construction of rubble mound breakwater with dollosse armour, care should be taken
80 as not to allow any breakage of atmour units. As concentration of broken dollosse are more
detrimental to stability of breakwater against wave attack than uniform or random breakage.
This was proved from the test conducted on 1:45 scale model of Atlantic Generating Station
(AGS) breakwater by U.S. Army Corps of Engineers, Waterway Experimentation Station
Washington. This 1:2 sloped breakwater was 31.2m high, constructed with 37Ton to 62Ton
dollosse in water depths of 9m tol2m, protects two floating Nuclear Power Plants (Davidson
and Markle 1976).

A rectangular parallelepiped shaped stone placed with its longitudinal axis perpendicular to

structure slope is called placed stone construction technique. Placed stone breakwaters will

have a densely packed __surface and stability approaching that of doliosse armoured
breakwater. This construction technique imparts a breakwater, higher stability than the
structure with randomly placed stone armour (Sollitt and Debok 1976). The advantage of
properly designed stone breakwater is that as heights build up, extent of damages occurs
gradually. What would be acceptable damage to stone armoured breakwater would be serious
damagé for artificial unit armoured breakwater (Whillock and Price 1676). |

A 2 km long breakwater with dollosse armour up io 42 tons was constructéd in March 1972 at
port of Sines, Portugal. This breakwater extended up to 50m deep water. In February 1978,
severe storm caused extreme damage to this breakwater which was mainly due to large
unbroken waves to the tune of 14m to 17m of period of 18 to 20sec which were much higher

than design wave conditious, broke the dollosse armour around SWL (Zwamborn 1979).

Another series of brealwater failures, around American, Buropean and Afiican coasts from
1978 1o 1982, focused the attention on inadequactes of such an approach and resulted in series
of analytical and experimental studies enhancing the knowledge in the field of deepwater

constructions (Edge and Magoon 1979 and Chandrashekhar ef, al. 1985). Geotechnical
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Stabilitjr of mound foundation is an important design consideration in deep water consinction,
‘Dynamic forces in the breakwater occur due to wave load, seismic loading, seepage forces
and pore pressure. Such dynamic forces cause changes in internal stresg yielding low effective
inter-granular forces, internal deformai on, breaking of interlocked armoyr units, settlement of
crust and finally collapse of the Structure. Laige breakwaters (i.e. deep water breakwater) of
steeper slope (1:1.5) are susceptible o geotechnical instability, Avoiding geotechnical risk of
instability raises \}olume of breakwater significantly and increases construction cost. Edge and

Magoon (1979) reviewed the damage and failure of many breakwaters in America, Canada,

mound structures in deepwater and extreme environments,

be due to rocking behaviour of armour (Chandrasekhar et al. 1985).
Geotechnical stability of foundation and mound itself hag received little attention in the past
which later became an important design consideration due to breakwater construction in
deepwater (Chandrasekhar ot al. 19835). Constructional aspects of deep water breakwater are:
1. Requirement of large amonat of quarry run for core,
2. Larger thickness of stone layer,
3. Larger armour units, big cranes, divers and GPS positioning are required, therefore
costly (Chandrashekhar et a]. 1985),

Geotechnical aspects of rubble mound breakwaters are Important as they are concerned with
mechanical behaviour of roclk body and foundation subjected to secpage, pore pressure, and

acceleration caused by waves and carthquakes (Barends 1986).

Hookway and Brinson (1986) list a number of steps undertaken for rapid construction of
rubble mound breakwater at Ras Launf in Libya. These are:
1. Use of bottom dumping barges for core construction,
Optimizing quarry output,
Quality control,

BN

Proper placement of armour, use of divers for proper armour placement and strict

supervision.
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compaction of armour due to vibration and due to run up and rundown. Damages of main
breakwater in Tripoli, Libya and Somalia have been reporfed due to loss of reclamation
material through core due to overtopping, Hence, using geotextiles in addition to gravel filters
and using fine core fill over coarse quarry run can give stability (Sorensen and Jensen 1986).
Securing the structure tos with heavy armour, digging a trench at toe and filling it with heavy
armour stones; also filling voids with concrete were undertaken to increase armour stability of

the breakwater at Azzawiya Refinery, Libya (Sorensen and Jensen 198 6).

Hoedtden et al. (1987) speak of Bikon blocks which are nothing but concrete filled geotextile
tubes which are positioned along breakwater slope from crest to toe and filled with liquid
concrete. The geotextile tube is made up of high strength polyester fabric, so woven as to
make concrete tight container which will not stretch unduly when filled, These blocks have a
width to height ratio of 1.5 and length to width ratio of 2.0 and a void ratio of 5% to 10% -

between individual blocks with a tight interlocking fit of nelghbonng blocks adds gr greatly 0
the wave resistance. The construction requires less crest width and no crane is essential.
Hence, its construction is 10% to 20% cheaper than conventional breakwater, Geotextile also
may be spread over the seabed without recovering the soft top layer of weak soil, It improves

over all factor of safety. It is used over the core to prevent sinking of secondary layer.

If there is weak soil on sea bed, ground improvement technique like dredging a trench and
filling it with sand/gravel or small stones or replacing weak soil may be undertaken over
which breakwater may be built e. g. breakwater built at Angra dos Reis, Brazil in1979 and
breakwater constructed at Bintulu, Sarawék, Malaysia in 1980 (Lundgren and Jacobsen 198 7).
If there is inter bed sand layer and sufficient drainage, consolidation will take place during
construction of breakwater. With this, the ground will acquire sufficient shear strength to
resist weight of breakwater and wave load. Therefore, soil replacement is not required. But
crest has to be raised to account for remaining settlement (Lundgren and Jacobsen 198 7). Also
a berm breakwater may be built with berm on one side or both sides and also to sometimes, to
step their heights down at various distances from the breakwater. These may be constructed to
avoid the risk of foundation failure due to weight of the breakwater in combination with wave
forces. If the foundations are weak, pile breakwater or composite pile breakwater 1.¢. a pile

breakwater with submerged breakwater in. front may be built,
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Baird and Hall (1 984) list difficulties in construction with traditional approach which can he
large size stones, wastage at quarry, costly quarry operation for large stones, difficulty in
construction at deep water, speed of construction etc, Therefore, construction of berm
breakwater with smaller size armour can be econonical and may save a huge amount (5 0% to
70% in the construction cost) depending upon site conditions. It may be suitable for weak

foundation condition too (Lundgren and J acobsen 1987).

Construction of overtopping breakwater/submerged breakwater in small depths (say 2 to 3m)
with stone/gravel filled bags/synthetic bags, concrete pipes, or chains of small conerete hlocks
totally weighing about 200kg may be easily COHStﬂlCtGd with small boats and 4 to 6 persons
with locally availahle equipments very cheaply and economically (Kale and Gadre 198 9.

In the construction of breakwater, core, secondary layer and primary layer accounts for about
60%, 20% and 20% of the costs respectively. For the core materials of 2 to 300Kg the
workability is limited to a significant wave height of 1.2m, whose value is exceeded during
approximately 20% of the time. Therefore, heavy stones may be used for core if waves are
high and this can save some cost e. g for a breakwater at Zubrugge and Belgium instead of a
core of 2 Kg to 300K g material, along with stones weighing 2 Kg to 300K g, stones of weight
1000 Kg to 3000Kg were also used and these were stable up to 2.5m waves and thus saved
8% of the cost and 16% to 50% of time. During construction of seaward slope of breakwater,
each armour block takes about the same time to place independent of its weight over a fairly
wide range. Therefore, savings cén be achieved by placing fewer and heavier concrete blocks
(accofding to modified design) on a steeper slope than placing relatively lighter material
stones over a greater slope depending upon site conditions. The disadvantage is that it may
require bigger and expensive crane, Finally the cost of construction maintenance and repair
should be optimized (Rietveld and Burcharth 1987).

Haan (1991) developed a computer program for determination of optimum design of rubble
mound breakwaters using Van der Meer formula and quarry yield. The program evolved
different alternatives and for each section, construction and maintenance costs are determined

and total cost is minimized while quarry yvield is economised.
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John and Singh (1991) discuss about geotechnical analysis (slip circle) conducted on a
breakwater designed for Seabird Project of Indian Navy at Karwar India. The analysis showed

that a leeside slope of 1:15 was not stable and was modified to 1:2.

Hegde (1996) developed software called DORUB for deterministic optimum design of rubble

mound breakwaters using Hudson and Van der Meer formulae.

Franco et al. (1996) discuss comstructional aspects of three deep water rubble mound
breakwaters in Morocco, Libya and Algeria in Northern Africa. These breakwaters were
constructed with a slope of 1:1.33 to 1:1.5 and tetrapod armour of 10m® to 22m?. These
structures were built in a water depth of 16m to 28m and were exposed to severe waves of 7m
to 25.9m. These heavy constructions brought following points into limelight:
1. Flexible design to accept modification at construction stage without extra cost,
2. Safe designs were adopted considering failure of breakwaters at Sines, Tripoli and
Arzuo allowed some overtopping and heavy protection for head.
3. Optimum quarrying, improved, innovative plaming and construction metho.ds are
necessary to reduce cost, '
4. Improved wave forecasting for design and construction planning is vital.
5. Detailed risk analysis supported by probabilistic prediction of wave load is essential.
6. Long term feedback from contractors will go a long way in improving future

construction,

A multiple pit breakwater was designed, by Mc Dougal et al. (1996) as quoted by Kaldenhoff
(1996), to reduce wave loads. But this showed enormous diffraction and wave attenuation.
Another approach to reduce wave loads and allow water exchange was concerned with
permeable breakwaters of wave screens and semicircular caisson breakwaters for shallow

water as in Miyazaki Port, Japan (Kaldenhoff 1996).

Physical model tests have proved that, replacement of 20% to 25% of artificial units
(tetrapods) by rock armour in upper layer with their mean wei ght 20% higher than tetrapods is
stable (Franco 2001).

2.8 APPRAISAL OF BREAKWATER PERFORMANCE
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Belfadel ct al. (1996) compared different new riprap stability equations on the basis of field
tests and concluded that Hudson, Keev and Sherbroke University formulae gave realistic

prediction of observed performance.

For shallow water condition, a semi circular caisson breakwater has performed well at
Miyazaki Port in Japan (Kaldenhoff 1996).

The Permanent Technical Committee—II of PIANC in 1985 listed the followihg among the
problems that need to be solved for rubble mound breakwaters: evaluation of safety and risk
and asked for measurements of movements, forces and stresses in units of armour layers both
in prototype and model, i.e. to monitor the behaviour in model and prototype and collect data
regarding breakwater performance (Kaldenhoff 1996). |

Franco (1996) writes that the long term feedback of performance of prototype breakwater
from ports, contractors and Govemments will go a long way in improving design of future

structures.

Pirarczyk and Zeidler (1996) refer to model studies conducted by Ward and Ahrens (1992) to
study the effect of dynamic rubble protection in front of vertical bulkhead which would
reshape into an equilibrium profile under wave action. They observed that reflection was 27%

to 50 % and this revetment dissipated 75% to 92% of incident wave energy.

In Italy, the breakwater design is increasingly influenced by environmental architectural and
social issues, with greater attention to nature conservation, people recreation and'sporting
activities, The trend is towards adopting low crested and permeable structures with reduced
use of visible concrete elements. .Other important design aspects are safety, rapidity of
construction and even the structure replaceability for a seasonal use, This typical approabh, in
this fast consuming modern age, is well in contrast with the aims of long term durability of
old structures. Many new projects like Canmigione Marina, Ostia Harbour, Roma and other
yacht harbours exhibit creative layout designs with a trend toward curvilinear plan shapes
which have nautical, hydraulic, morphodynamic and aesthetical advantages such as reduced
wave reflection at port entrance, safer navigational approach, improved water circulation in

tideless sea and generally a more pleasant architectural image (Franco 2001).

36

“Seudies on Tandem Brealowater”, INCH, MoWR Sponsored R&D Prgject, NI T.'.K., Surathkal — Aprid 2008,




Chapter 2 Development of Breakwaters

2.9 DAMAGE OF BREAKWATERS

A meaningful definition for ‘damage’ is essential for qualitative analysis of stability of rubble
mound structures, The traditional method of quantifying damage is physical counting of
displaced units caused by wave action. In this process the question raised is that whether the
stone dislodged from upper area, rolled and settled in a new position from where units get

removed during early stages of damage should be counted or not. The above mentioned

phenomenon affects the final profile of the damaged breakwater. But till now, there is no

such definition for damage, which can explain the above-cited situation.

Iribarren (1953) as quoted by Hudson (1959), defined that a rubble mound reached its-

breaking level when the depth of damage on its main layer is equal to the length of the side of

the equivalent cube i.¢., exposing the armour units of secondary layer.

The damage parameter is defined by Hudson (1959) as the percentage of armour units

displaced from the cover layer. The remova) of up to 1% of the total number of armour units -

n the cover layer is considered as no damage. The definition of the design condition for 1%
damage has advantage of being equivalent to no damage situation and thus numerically well
defined (Font 1970). 1% to 5% damage is defined as 1* order damage (Phadnis 1985).

Rogan (1968) as quoted by Font (1970) pointed out that filter layer uncovering is simpler to

observe and more significant than counting the number of displaced rocks.

The damage to the breakwater usually occurs in the area between SWL + wave hei ght (H) and
SWL - wave height (H) for both normal and oblique wave attack (Krecke 1969 and Ouellet
1970). They defined the damage percentage as the number of displacéd stones divided by the
number of stones in the atlacked area (SWL+H and SWL-H) times hundred. In computing

the total number of stones in the attacked area a double layer armour stone was used. In the

beginning, the damage in most of the cases occurs below SWL and for large waves the
portion immediatcly above SWL is also strongly affected (Font 1970). Uncovering of filter
layer in holes of diameter equal to two picces (i. e. 2Dpsg) occurred for armour damage
between 10% and 20% and total failure would follow for damage between 30% to 40% (Font,
1970). The main impact force can be expected at depths equal to half the design wave height
below SWL, then secondary impact forces occur addifionally around SWL and above
{Fuhrboter et al. 1976). |
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Table 2.3. Limits of damage level (S)

. Start of Failure (Filter layer
Cot «
Damage visible)
1.3 2 8
20 -30 2 8 -12
4.0 -5.0 | 2 17

Advantages of this representation are: _
1. Since the limits are defined, it is easy to comprehend at what stage the damage is.
2. The stability number, N; is widely used. Here the damage, S is related to N, and
hence other parameters studied with respect to .Ns would also be compared with
damage. |

A physical description of the damage S was given as the number of squafes with side D50 that
fitted into the erosion area. Another description was that the number of cubic stones with a
side of Dpso eroded within a width of one D,s;. The actual number of stones eroded within this
width of one Dys9 could be more or less than 8, depending on the porosity, the grading of the
armour units and the shape of the stones. But generally, the actual number of stones eroded
within a width of one Dysp was equal to 0.7 to 1.0 times the damage S (Pilarczyk and Zeidler
1996). |

Van der Meer et al. (1996) studied breakwater toe and proposed the stability equation for toe |
as '

H

o {(0.24(d-h)/ Dysg) + L6} N oo™ oo e (2.23)
n50

a0
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Where,

d is the depth of water, h is the height of the toe and N  is the damage level measured as
number of stones displaced out of a strip along longitudinal width of the structure with a
width of ane Dysp.

For zero damage N 44 is 0.5, for some flattening N 44 is 2.0 and for severe damage, N oq 1s 4.0.
Authors concluded that wave steepness and toe width had no or only minor influence on

stability of toe.

Melby and Miakar (1997) state that typically the no-damage condition is represented by less

than 2%, by count, of the stones displaced from the seaward face of the breakwater.

US Army Corps of Engineers (2001) defined zero damage wave height as the wave height
corresponding to 0-5% damage. The percentage of damage is based on the volume of armour
units displéced from active breakwater zone for a specific wave height. This zone may extend
from middle of the breakwater crest down the seaward face to a depth equal to one zero-

damage wave height, below the still water level.

2.9.1 Reasons for damage _
Rogan (1968) as quoted by Font (1970) pointed out that, placing of armour, influences the
damage of the breakwater. Further he observed that placing of armour is tmportant during

initial damage but is less relevant for advanced damage.

The dislocation of armour may be due to down rush of a surging breaker and the strong up
rush and down rush of a collapsing breaker for which the breakwater has lowest stability
(Ahrens 1972).

Resonance is the condition that occurs when rundown is in a low position and wave, breaking
takes place simuitaneously and repeatedly at that location. They write that the resonance
oceurs for 2.0 < £ < 3.0. Impact forces due to wave breaking seems to maximise around
resonance condition, strong drag and inertia forces also occur on the armour blocks due to
high run up, rundown and accompanying large scale turbulence. At the same time the rise of
water table in core due to high run up causes an outward pressure on the armour blocks. The

suction forces occurring under a bresking wave due to interaction between the breaker
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forwﬁrd velocity and random velocity generally maximise close to or a resonance condition.
And dislocation of the armour stone of the breakwater is the result of existence of various
forces mentioned above which may join in combination that cause maximum destructive
forces (Bruun and Gunbak 1976).

Davidson and Markle (1976) through their experiments showed that concentrations of broken
dollosse are more detrimental to stability of breakwater against wave attack than uniform or

random breakage.

Displacement of one armour unit does not lead to sudden massive failure; in fact the armour
tends to heel unless it is grossly under weight. Keyed and fitted armour is several times more
stable than Joosely placed armour. The weight of loosely placed may be two times that of a

well placed stone for same stability (Palmer and Walker 1976).

Sollitt and Debok (1976) experimentally proved that placed stones armour were more stable
than randomly placed stone armour. This technique has been successfully used since 1950°s
along northwest coast of U.S.A. The single layer of armour units placed in this manner

provides a densely packed surface with stability approaching that of dollosse units.

Johnson et al. (1978) concluded that grouped wave trains caused more damage and
breakwater stability appears to be affected by actual sequence of certain waves in a particular

wave train, which tend to occur in wave groups.

Experiments cenducted by Whillock and Price (1976) showed that what c.ould be acceptable
damage to quarry stone would be serious damage for dollosse, tetrapods occupying an

intermediate position.

. The review of damages of most of the rubble mound structures which were subjected to

extreme damage well within life of the structure and which without major repairs would have
subsequently been a total failure showed that they were built of artificial armour units. These
failures showed the shortcomings in design and construction technology of rubble mound
structures in deep water and in extreme environments (Edge and Magoon 1979). These

breakwaters were at Rosslyn Bay, Queensland (1976), Qubec, Canada (1976), Bilbao, Spain
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(1979), Cresent City, California (1960), Gausbai, Cape town South Afiica (1970, 1977),
Kahului, Hawaii (1958), Nawiliurle, Hawaii (1974-76) and Sines, Portugal {(1978).

A 2 km long breakwater, with dollosse armour up to 42 tons, was consfructed in March 1972
at port of Sines, Portugal. This breakwater extended up to a depth of 50m in water. In
February 1978, severe storm caused extreme damage to this breakwater (Zwamborn 1979)
due to:
L. Large waves to the tune of 14m to 17m which were much higher than design
2. Wave of 11m which reached the breakwater without breaking due to despwater.
3. 42 ton dollosse armour broke around SWL. _
4. Waves of longer period of 18 to 20sec lashed .the structure and local refraction
increased the wave heights further by 20%. This caused additional brea.kage of
dollosse, causing collapse of super structure,

5. Inadequate structural strength of dollosse (Maitra and Dattatri 1994).

This was one of the greatest shocks to the design engineers. Since then, geotechnical stability
of mound and foundation under static and dynamic conditions has become an important
design consideration with increased construction of breakwaters in deepwater Also earlier -
design of breakwater was based on shallow water constderations which were later extended to
deepwater construction too. This naturally involved the risk of enlarging uncertainties as well

as inaccuracies inherent in breakwater design,

Another series of failure of breakwaters in American, European and Afiican countries from
1978 to 1982 focused the attention on inadequacies of such approach and resulted in series of
analytical and experimental studies enhancing knowledge in deepwater constructions (15m to
20m). This catastrophe opened the eyes of the designers and planners to strengthening the
structure with more reliable model tests, considering realistic wave condition and collection of
prototype data regarding structural strength of artificial armour units, need for standardising
the technigues and test procedures and encouraged engineers to think of inadequacies in the
design of breakwater in deep waters, design of techniques of repair, rebuilding, rehabilitation
and construction (Zwamborn 1979 and Chandrasekhar et al. 1985).

Considering various failures of breakwaters, Mol et al. (1983) concludes that the damages

were caused by combination of aspects like wave climate, structural strength of armour,
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geotechnical stability and constructability and insufficient safety margins and inadequate

traditional design approach.

For dollosse armour, as wave period increases, same damage was observed for smaller wave
heights. Because, as period increased, wave surged rather than break and set up high drag due
to increased surface flow. Authors suspect that, dollosse units are weak to resist this drag
force. The advantage of a properly designed tipped stone breakwater is that as wave heights
butld up, the extent of damage will occur gradually. This is not the case with dollosse.
Approaching the state of serious damage, small changes in wave height will produce large
changes in damage and considerable rebuilding rather than repair is necessary for such a
breakwater. Investigation of failures of large breakwaters brought into several issues, shown
below, which were hitherto sidelined or unknown (Chandrasekhar et al. 1985): .

1. Rocking and collision of armour units causing very high impact loads, loads while
casting, transport, placing, overlying armour etc.
Strength of concrete armour units
Quality of stones, quarry operations
Additional thickness of stone layer

Construction of core and

A

Armour placement.

A rubble mound breakwater can be damaged in several ways depending upon its
configuration, the wave conditions and water level during the storm. The following are the
main identified modes of damage (Sorensen and Jensen 1986):
1. Sliding/settlement of seaward face due to scouring or morphological changes of
seabed or the toe of breakwater e.g. breakwater of Hirtshals harbour, Denmark
(1973), due to change in seabed morphology and failure of Torshavn breakwater
(1972) due to toe erosion.
2. Sliding of seaward armour layer due to unstable berm,
3. Damage due to geotechnical instability of subsoil or insufficient bearing capacity
leading to serious settlements.
4. In special cases of steep slopes, wave forces may cause a sliding of whole armour

layer for a single large wave rundown.
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5. Damage to crown wall or superstructure due to wave force. This is an integrated
problem occurring simultaneously with démage to armour in front and erosion of
base of superstructure.

6., Damage to crest and rear side armour under excessive overtopping due to high
waves and/or high water level. |

7. Breaking of armour units due to large dynamic contact forces arising as a result of
rocking or wave breaking.

8. Damage due to reclamation behind breakwater due to excessive transmission or
ovettopping. -

9. Damage due to impact of floating objects like vessels, ice etc. _

10. Poor interlocking due to improper placement of artificial armour unit leading to

displacement of armour units e. g. Azzawiya breakwater, Libya (1979).

- Vaidya (1989) identifies the most important failure mechanisms of breakwater as:

1. Breakwater settlement due to compressible sub soils and other layer
. Failure of crest element
Sliding of crest element

2
3
4. Subsidence of crest element
5. Tnstability of armour

6

. Loss of support to armour.
The major cause for this type of failure is extreme wave action.

Van der Meer and Heydra (1991) tried to analyze the rocking armour units, their number,
location, impact velocity, accelerations etc., as these artificial armour units made of un-
reinforced concrete caused extensive damage to breakwaters in European, African,

Mediterranean and Atlantic Ocean countries.

2.10 IMPROVEMENTS IN BREAKWATER DESIGN

In 1966, Merrificld and Zwamborn described the dollosse blocks as those units whose design
weight was 1/5 to 1/6 that of a natural stone to resist the same wave height. These artificial
concrete blocks could be used to build breakwater with steep slopes hence required smaller

space and could be cast of required weight. For stability these blocks should be placed at steep
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slope so that their interlocking capability could be utilized to the full extent (Whillock and
Price 1976).

Permeability of breakwater reduces wave run up and wave energy absorbed is linearly varying
with porosity up to 50%, at which 90% of energy is absorbed (Hunt 1959). Pervious core
breakwaters can also reduce wave transmission and reflection (Kondo 1976). Research on
permeable core breakwaters showed that these are stable and stability increased with core

permeability (Timco et al. 1984 and Hegde and Samaga 1996).

Font (1970) proposed that, the damage function, rather than no damage or total failure
condition alone be given to the design engineer as economic considerations in one hand and
factor of safety in the other leading to design damage. These damage functions include storm

and swell duration, placing technique, armour density and damage distribution and location.

Ahrens (1972) concluded that type of breakers could influence the stability of breakWater
structure and collapsing breakers pose the highest damage. Hence, recommendsd that

appropriate care should be taken against such cases.

All this created a new enthusiasm to research in related areas and investigators came up with
new methods and/or alternatives. Researchers found that proper collection of data regarding
wave climate and soil conditions prevailing at the site, behaviour of prototype structure,
geomorphology of soil and quarrying operations would be immensely important inputs for
improving the planning, design and construction of future breakwaters so that the whole

project implementations could be optimized (Ouellet 1972).

Bruun and Gunbak (1976) concluded that resonance phenomena which occurs for 2 < £<3
could cause lowest stability for breakwater and hence, actual design wave considered should

be that which produces most dangerous resonance phenomenon.

Davidson and Markle (1976) found out that, broken dollosse are more detrimentzl.to stability
of breakwater against wave attack than uniform or random breakage. They also found out that
if wniform or random breakage exceeds 15% of total member of dollosse in top layer a,nd/or

cluster breakage exceeds 3 dollosse in a cluster, stability of breakwater suffers,
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Failure of large breakwaters in many countries round the globe from 1950 to 1980 forced the
researchers and engineers to introspect various design aspects. They noticed a nymber of
shortcomings like neglect of impact of wave period, armour strength, wave grouping, armour
gradation, method of placement, geotechnical stability and foundation condition on stability
of structure and model testing under appropriate prototype wave climate etc. They also
realized the difficulties regarding traditional approach of design and construction methods like

large quantity of stones, large size of stones, slow constructions etc. (Edge and Magoon
1979).

Designs of rubble mound breakwater are generally bound on combination of experience, skill
and hydraulic model studies. This is the breakwater design of level T which is based on quasi-
probabilistic approach where a characteristic load was established through a design wave
height of 50 years or 100 years of return period at which hardly any damage should occur. But
between 1970 and 1982, many breakwaters suffered severe damage. The analysis showed that
damage was caused by a combination of wave climate, structural strength of armour,
geotechnical stability and constructability. The safety margin for these structures was not
large enough and therefore, it was felt that traditional approach was madequate. Hence, to
establish a better approximation of risk of certain degree, probabilistic approach (Ievél II) was
proposed assuming a normal distribution of all stochastic variables influencing load and
strength. It was hoped that this approach may help to diagnose priorities, in design studies,
leading to 2 balanced approach. The failure of Sines west breakwater was analyzed using
probabilistic approach (level ) with various assumptions concernhing stability and wave
chmate (Mol et al, 1983).

Mol et al. (1984) opine that the traditional breakwater design based on design wave of 50
years to 100 years return period, may suffer 2% to 5% damage of armour units but this is
defined as no damage condition (Melby and Mlzkar 1997 and US Corps of Engineers 2001).
They presented a level Il approach, which considers all the possible failure modes and
parameters like quality of materials, armour placement methods etc and arbitrary statistical
distribution of all these variables and responses of breakwaters depending upon previous

history of damage. They developed software to design the breakwater using this approach.

U.S Army Corps of Engineers (1984) recommended use of Hi0 1nstead of Hg together with

previous Kp values which resulted in doubling the armour weight. And for unbroken waves, it
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recommended a Kp value of 2.0, then armour weight will increase by factor of 3.5. But using
H; with partial safety factor is considered as rational, However, for rock armour with no great |
difficulties in repair, the partial safety factors are little more than 1.0 and therefore, design
will not differ much (Mettam 1992).

Chandrashekhar et al. (1985) and Barends (1986) analyzed deepwater breakwater failures and
stressed the importance of geotechnical stability a.naly51s, streamlining of quarry operations,
‘method of construction, construction of core and armour placement and stressed that larger

thuckness stone layer than recommended by U.S Army Corps of Engineers (1984) should be

used,

Gadre et al. (1985) emphasized importance of armour gradation and its influence in enhancing

armour stability and gave several criteria to select armour and filter layer stone size.

Hookway and Brinson (1986) explain the method used for rapid construction of rubble mound
breakwater at Ras Lanuf, Libya. This method was adopted due to shortage of time, The salient
feature are use of concrete tetrapods armour on a steep slope of 3V:4H using heavy duty
cranes and divers under water, using bottom dumping barges for construction of core,

optimizing quarrying operation, strict quality control and supervision.

Sorensen and Jenson (1986) suggestéd that accurate wave prediction using all means like
measurements, mathematical medeling, wave refraction studies should be undertaken for
proper estimation of wave climate at site and instead of designing the breakwater in a
traditional way for a wave of 50 years to 100 years return period, where, there may be
probability of exceedence of design wave by 20% to 63% in 10 to 50 years, it seems more
appropriate to consider acceptable probability of exceedence of design situation and economic
loss if it happens and then design accordingly. Probability of failure of different elements like
front armour, super structure, rear armour etc., are different and design is optimum only if
these different probabilities are same as even 2 small overtopping under extreme situation

may change the scenario from zero damage to high damage.

Meanwhile to overcome difficulties of Hudson formula, Van der Meer (1988) came up with
new design formula for plunging and surging waves. Based on sensitivity analysis of Van der

Meer’s formula, it was found that regardless of wave height and structure slopes, as the
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permeability of the core increased, the weight of the armour unit required for the stability
decreased. It was observed that as the density of the structure increases the weight of the

armour unit reduces (Rao and Raju 1992).

Pranesh and Ramulu (1989) developed a methodology for estimation of cost of rubble mound
breakwater. They developed a computer program in FORTRAN 77 for estimating costs of
breakwaters with different types of armour units for various water depths, design wave
heights and structure slopes. The program is based on Hudson’s formula for calculating
armour weight enables the designer the choice of best suited armour unit, and slope for a

particular water and design wave height.

Vaidya (1989) listed the uncertainties in breakwater design parameters like limited wave data,
Kp value, design wave and different failure mechanisms which together can deliver a fatal
knock to the structure. He suggests that, long term wave measurement, proper model tests to
ensure adequate armour weights, introduction of failure probabilities in design, assessing
safety of breakwater considering breakwater as a whole system, probabilistic analysis of each
component of breakwater its failure mechanisms and determining combined probability of

failure be incorporated in the design,

Haan (1991) developed a computer program in Turbo Pascal to design a breakwater and used
AUTQCAD to draw the cross section. In this program, quarry yield is divided into number of
categories, long term disturbance of deepwater wave heights are converted into wave heights
at site. Van der Meer formulae for statistically stable structures are used and a set of
alternative cross sections are compared based on both functional performance criteria and Van
der Meer formula. Construction and maintenance costs are determined for each alternative.
The optimum is derived by minimizing the of construction cost and maintenance cost. The
program provides means to economize the use of quarry.

Hall and Kao (1991} also stressed the importance of armour stone gradation which in turn

decides the porosity of armour and under layer in the stability of breakwater.

Van der Meer and Heydra (1991) conducted research on large cubes and tetrapod armour on a
1:1.5 sloped breakwater section and studied the number of units moved and number of

impacts as a function of wave height, wave period and their location on steeper slope. They
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measured velocity and accelerations during impacts and described the distribution of impact

velocities.

The permanent technical committee of PIANC listed in 1985 for rubble mound breakwaters

- among the problems that need to be solved are evaluation of safety and risk and asked for

measurements of movements, forces and stresses in units of armour layers both in prototype

and model (Mettam 1992),

- The working group established by PIANC achieved a better understanding of safety aspects

and developed a practical way of evaluating safety of main armour for using Hudson or Van
der Meer formula. This enables a theoretical design to be evaluated more realistically in
respect of varying probabilities of failure within specified design life. The group evolved a
probabilistic design with the introduction of partial safety factors Y, and 7 for Hudson

formula as,

G _ {Z/ V%) ADy (Kp Cot )™ J- Ho V% oo oo (2.24)

Where,
Kp 1s deterministic variable and all other parameters are stochastic variables. Z has a mean

value of 1.0 and standard deviation of 0.18. The design condition is satisfied by G =0.0.

Formulas have been derived to calculate 7Y, and Yy, With design incorporating partial safety

factors, the armour size Dy5p will be increased by a factor of safety 7, .Yx (Mettam 1992).

Kudale and Dattatri (1994) write that till 1990’s rubble mound breakwater were designed
based on model tests and empirical formulae. The numerical modeling techniques were rarely
used due to complexfty of wave structure interaction. They feel that numerical techniques are
needed to improve the understanding of the mechanism and enhance design capabilities.
Authors extended the numerical model developed by Kobayashi and Wurjanto (1989) for the
design of impermeable structure to permeable structures. Flow above rough permeable slope
was represented by shallow water equation and solved by finite difference method. Thé model

can compute reflection, run up and armour stability.
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Oumeraci (1994) as quoted by Kaldenhoff (1996) expresses that the doubts of several
scientists and practitioners, about the reliability and performance of our design concepts for
breakwater, led to the recognition of the following five important lessons:

Design wave load concept

Breaking wave impact loads

Damage due to wave overtopping

Seabed scour, toe erosion and subsoil deformation

A

JIntegrated approach to design.

In order to use the above mentioned lessons as guidelines, we have .to change the widely used
black box concept and adopt the physical behaviour of all involved fields for design purposes
increasingly. These factors are:

1. Static behaviour- forces, moménts, stresses.

2. Dynamic behaviour- motion and movement of water and structural body
3. Energy flux- wave transmission and energy dissif)ation.
4

. Geophysical behaviour- pore pressure and scour.

Van Gent aﬂd Vis (1994) developed a numerical simulation of wave interaction with coastal
structures. This simulates breaking wave on various types of coastal structures and resulting
movement of individual elements in the seaward slopes. In the numerical tool, wave dynamics
are approximated by non-linear finite amplitude shallow water equations, often referred as
Iong wave equations with steep wave fronts represented by forces. For this description of
wave motion, the vortices and vertical acceleration are assumed to be negligibly small which
leads to hydrostatic pressure. Depth averaged velocities are defined .only at one free surface -

point per cross section are used.

Belfadhel et al. (1996) described new rip rap stability formula based on ficld tests like Koev
and Shetbrooke university formulae and concluded that, these formulae estimate armour

weights comparable with those given by Hudson formula.

Frénco et al. (1996) explains the modern construction methods adopted in construction of
large breakwater in North African countries of Libya, Morocco and Algeria during 1980 to
1984. These structures were constructed in deep waters (i.e. 16m to 28 m) after the failures of

large breakwater at Sines, Tipoli etc. and safe designs were adopted by considering some
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overtopping. The new breakwaters were of steep slope of 1:1.33 to 1:1.5 and used heavy
tetrapods. The breakwater lee side was also protected, core was protected during construction
with filters and armour layer and design was flexible to adopt any change even during
construction stage. During construction of these structures it was realised that mass scale
production of artificial armour units, quality control, optimizing quarrying operation,
innovative planning of construction, improved wave forecasting, detailed risk analysis and
probability prediction of local wave statistics, long term feedback from contractors, ports and
other user agencies regafdjng performance of these structures will go a long way in improving

future desi gns.

Hegde (1996) also developed a mathematical model called DORUB to predict the armour
stone weight of a rubble mound breakwater using the quarry yield optimally. He used

programming language C and Visual Basic to draw the cross section.

The major design uncertainties are related to the process of defining and quantifying the
entities. We always have to be aware that little changes of the design paramefers may cause _
remmarkable changes in structure dimension (Kaldenhoﬁ 1996). The breakwaters have been
buiit throughout the centuries, but their structural developments as well as their design
procedure are still under massive change. The reason for this are limited reliability and high
costs. Majbr research activities are necessary, some of them have already been mstalled to
gain better knowledge of the physical background of the performance of the design concepts
(Kaldenhoff 1996). '
Meaddwcroft et al. (1996) discussed the development and use of risk assessment and
probabilistic design techniques for the analysis and/or design-of sea and tidal defense
schemes. He considered risk assessment can be done through:

1. Structure variable approach based on calculating single response variable from
measured or collected data which can be extrapolated to extremes using an extreme
value distribution.

2. Joint probability approach where several risk assessments are enlisted for the varions

failure mechanisms and their combined risk assessrhent is undertaken.

Melby and Mlakar (1997) observe that, though the hasic design process is deterministic, some

elements of probabilistic theory have been utilized. But many more stochastic variables must
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be included in order to adequately assess the reliability of breakwaters. The authors have
derived the limit state equation for safety factor and safety margin of Hudson and Van der
Meer design formulae for breakwater. They discuss level II reliability techniques and applied
it to breakwater design. Using these methods, reliability and reliability index are determined
for the dominant performance functions of a breakwater including armour stone stability, run
up and overtopping. However, they caution that, though reliability can be a powerful tool in
estimating uncertainty with respect to many fatlure modes, these methods do not guarantee a
more reliable structure as response of rubble mound breakwaters. vary widely, even in
controlled laboratory conditions and limited local data, lack -of design guidance for certain
failure modes and unknown and somewhat unpredictable construction quality, among other

things can reduce/vary structure’s reliability from that of design estimate.

Delft Laboratories have developed a computer meodel ca.lléd BREAKWAT. 3 (Delft
Hydraulics 2001). Given the design inputs like wave characteristics, water depth etc., the
model designs any type of breakwater using probabilistic method. Delft Hydraulics took up
the project of developing of new beach zone, at Rubble Tip area between Eastern Beach and
Catalan Bay, located at the eastern side of Gibraltar. A wide crested submerged breakwater
was constructed parallel to the shoreline in front of the project site as a part of the structural
measure. lis stability was tested using the software BREAKWAT. 3 and physical model
study. '
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2.11 ECONOMICAL DESIGNS OF BREAKWATERS

New ideas and developments are always in the process of being tested for reducing the load
on and failure of breakwaters. Ahrens (1984) defined reef breakwaters as .low crested
structures, with its crest at or below SWL, constructed through more or less uniform sized
armour stones, of weight comparable to that of a conventional non-overtopping breakwater,

but without a core and analyzed their stability.

Baird and Hall (1984) writes that by building berm breakwaters using smaller stones and
utilizing quarry yield economically, there can be 50% to 70% cost savings for a site compared

to traditional breakwater.

Fulford (1985) found that reef structures can be optimal solutions in many cases, like of beach

protection, beach stabilization.

Baba (1985, 1986) concluded that a concrete submerged breakwater of seaward slope of
1:1.67 with a vertical shoreward side is the optimum geometry as it gives maximum damping,
minimum reflection, minimum bottom scour and meximum sand trapping efficiency for steep

waves for a site at which the tidal range is up to 2m.

Gadre et al. (1987) proposed sand filled rubberized coir bags for coastal protection which

could be an effective and economical alternative depending upon site conditions.

In the same period various attehlpts were being made to arrive at cost effective building of
breakwaters. Hoedtden et al. (1987) reported the invention of a Bikon block consisting of high
strength polyester woven géotext.ile tube, which is positioned along the slope of breakwater
from crest to toe and filled with liquid concrete. These blocks had a width to height ratio of
1.5 and length to width ratio of 2.0 with a void ratio of 5% to 10% between individual blocks
with a tight interlocking knit of neighboring blocks. The construction is ‘easy and economical
and no crane is required. This construction saved at least 10% to 20% of the cost compared to

conventional breakwaters.

Very often rubble mound breakwater design seems to be a result only of stability
considerations corresponding to design wave conditions. Designers tend to put too little

emphasis on practical problems related to construction, maintenance and repair. In
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construction of a breakwater, core takes about 60% bf costs, super structure and armour layer
costs about 20% each. For the core material of 2Kg to 300Kg, the workability is limited to
wave height (Hs) of about 1.2cm, whose value is exceeded during approximately 20% of the
tume. Therefore, heavy size stone may be used when waves exceed the limit for quarry run
and saving could be made. During construction of seaward slope of breakwater, each armour
block takes about the same time to place, independent of its weight over a fairly wide range
and savings can be achieved by placing fewer and heavier concrete blocks -(adcording to
-modified design) on a steeper slope than a relatively lighter natural stones over a gentler slope
depending upon the site conditions and wave climate (Rietveld and Burchardt 1987). Anthors
discuss case studies where, by using heavy coré and armour materials, they could achieve a

savings of about 8% in costs and 16% to 50% in time.

Ahrens (1989) improved his stability formula for reef given in 1984 and gave improved
design guidelines. Gadre et al. (1992) and Nigam and Yuwono (1996) toc gave stability
criteria for submerged reef. Pilarczyk and Zeidier (1996) gave the design curve for estimating

reef armour weight.

Due to special requirements of the equipment, offshore breakvyaters are not normally
constructed. On the contrary, the offshore breakwaters are more effective in providing beach
protection without affecting littoral drift sigmificantly. Offshore submerged breakwaters in
small depth say 2m to 3m can be easily constructed with a variety of materials like stone filled
boxes or synthetic bags or chains of small concrete blocks. These can be easily and
economically transported to the site by boats or by rafts, where the total weight of chain of
blocks is around 200K g and can be lowered at site by 4 to 6 persons. with locally available
equipments. Such structures with crest width of 1 to 1.5m in a depth of 2m to 3111, can achieve
a wave damping of 33% to 50% without significant damage to armour units (Kale and Gadre

1989).

Berm breakwater can be built with armour stones which are 20% to 30% lower in wei ght than

that required for an equivalent traditional/conventional breakwater (Gadre et al. 1991).

Franco (2001) quotes Archelti and Lamberti (1991) comparing the cost of berm breakwaters
at a potential site of a harbour in Italy showed a saving of 25% to 40% compared to design of

~traditional/conventional breakwaters.
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Cox and Clark (1992) built a tandem breakwater system for Hammond Indiana using 3 ton
stone armour instead of 8Ton armour stones for breakwaters defenced by a submerged reef of

0 to lton stones separated by a distance of 40.5m and saved $1 million.

To reduce wave load on structure and/or allow exchange of waters, the concept of underwater
or submerged breakwaters is always attractive. These can be economically adopted for beach
protection and for sediment trapping and retaining. Semicircular caisson breakwaters are
suitable for shallow water conditions and offshore breakwaters to protect beaches from

erosion (Kaldenhoff 1996).

Franco (2001) mentions that in Ttaly, the design of breakwaters and other maritime structures
are increasingly being influenced by environmental, architectural and social issues with
greater attention to nature conservation, people’s recreation and sporting activities. The trend
is towards low crested and permeable structures with reduced use of vigible concrete
elements. Other important design aspects are safety and speed of construction and even the
structure replaceability for seasonal use. Franco, also opines that the complex
hydromorphodynamic processes associated with submerged barriers are not yet fully known,
Therefore, a specific Buropean Research Project titled “DELOS’ has been initiated in 2001
which will also investigate their ecology and economical implications in order to provide

more reliable design guidelines.

Beirawski and Maeno (2002) proved experimentally that for permeable submerged
breakwaters or reefs, with 35% porosity, the pressure gradients are smaller compared 1o
impermeable structure. They found that permeable structure was stable while the

impermeable structure was badly damaged.
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2.12 SUBMERGED BREAKWATER
This is an offshore rubble mound breakwater, with its crest at or below SWL, used for
creation of a protected area of water or for protection of coastal structures and beaches from

damage of erosion caused by wave action.

Since the crest of the structure is at lower elevation wave overtopping and/or breaking takes
place due to which armour units are subjected to relatively smaller wave force thus the
structure can be economically constructed with relatively sfnaller. sized armour. Initially,
Beach Erosion Board (BEB) of US m 1940s and Lamb in 1945 showed interest in submerged
breakwaters (Johnson et al, 1951). '

Johnson et al. (1951) studied the wave damping action of submerged breakwater and
recognized that wave steepness (H/L), crest width (B), structure height {h) and water depth (d)
are important parameters. They concluded that for a given height of the structure, steeper
waves are effectively damped than flat waves due to breaking of waves. Gentle waves are
increasingly broken if the crest width (B/L) is Y +{1-h/d). And for steeper waves 1 large
depths, crest width (B} to be effective, should be equal to 0.1 to (.24 times the wave length
(L). They found for effective wave damping, d/L, should be small, crest freeboard (F) should
be zero (i.e. crest at SWL), structure should be located at one wave length or more seaward of
the breaker line. They also observed that steeper waves in large depths require wider barriers
for effective damping and transmission coefficient (K} is more sensitive to higher value of
B/L. On natural beaches, seabed can be a_ssumed to be horizontal over a distance of wave

length or more. They also write that X, is approximately equal +{1-h/d).

The functions of a submerged breakwater according fo Homma and Sakou (1959) are

attenuation of waves by causing premature breaking and partial reflection and barring

seaward movement of the bed material in the surf zone. They established that submerged
breakwaters reduced regression of shoreline and scour depth varied with h/d and breakwater
location with respect to breaker line. They observed minimum bed scour for the structure
located offshore from breaker line. They studied the effect of the submerged breakwater on
the coastline, deformation of the beaches and the scour atound the wall placed in the vicinity
of breaker zone through a model study. This was accomplished using an experimental wave
flume 17m long, 0.7m wide Iand 0.6m deep. The water depth was maintained at 0.35m. They

generated waves of 0.101m to 0.128m of periods varying between 1.1sec and 1.28sec. They
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concluded that /d at the site, should not be more than one. They also concluded that the
entire beach processes will change due to the effect of submerged backwater wall location and
Wd ratio effects the variation of scour depth. Further they observed that, submerged
backwater decreases the regression of the shoreline for the cases comsidered in the

experimental study.

A fairly extensive work has been done correlating the field observations and the result
obtained from model studies on the function of submerged backwater as a shore protection
structure by Homma and Horikawa (1961) with reference to Nigata coast. Several types of
breakwaters, all permeable in nature were considered and were tested by many investigators,
From the previous experimental studies, it was found that, if the height of the submerged
breakwater (h) is less than 70% to 80% of the water depth, where the structure is located, the
dampmg action against the incoming waves is not significant. It was mentioned that the
damping action of submerged breakwater had seen studied previously in relation with the
height, width and shape of the structures and depth of water where the structure was located.
But the authors have published only in Japanese | languages and hence are not usable.
Observations were made at two stations namely Ojoin beach and Kosoda beach. The height of
waves damped and the steepness ratio of waves damped by submerged breakwater was found
to be 30% to 70% and 10% to 70% of that of the original waves respectively. The attenuation
of the waves was larger for steeper waves, which are responsible for beach erosion. The wave
steepness was ranging from 0.02 to 0.08 and in both beaches. They studied the variation of
beach profiles due to the presence of submerged breakwater by field observations and by
expetimental work. The laboratory experiments consist of models of hollow block and ‘L’
type submersible breakwaters, which were constructed at Nigata west coast. Authors found
that the scour around the breakwater was considerable when the structure was located 1n the
breaker zone and depended upon /d. As h/d ratio reduced, the scouring increased when the
structure is placed in surf zone. It was also observed that the increased scouring action was i1l

place as h/d increased when the structure was placed in off shore zone.

Saville (1963) as quoted by US Army Corps of Engineers (1984) conducted investigations,
which, were primarily aimed at studying the scale effects, and he concluded that the results of
sinall-scale tests could be relied upon for prototype design. US Army Corps of Engineers

(1984) has presented certain design curves based on the limited experimental data of Saville
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(1963). However, comprehensive investigations of basic nature on the submerged breakwaters

have been very limited.

The incident waves break over the submerged reef and propagate further. The waves while
breaking create turbulence and air is entrained in the water. This takes away major portion of
wave energy. Then as the waves propagate further, they loose a part of their energy in over
coming bottom friction. Horikawa and Kuo (1966) has formulated an equation for wave
energy loss of broken waves, while propagating over the hoﬁzon-tal bottom, based on the

principle of energy conservation of solitary waves .

Dick and Berbner (1968) have investigated both solid and permeable breakwaters of the
rectangular type where, the permeable breakwaters were made of nested tubes. The test results
show significant scatter of data and hence only trend lines have been indicated. They write
that in nature a wave striking a submerged barrier will resuli in some of its energy being
reflected offshore where it is ultimately dissipated by wind and internal stress. And this is the
- simple model of nature and authors believe that mono-periodic waves could occur in nature.
They observed during physical model study that, permeable and impermeable submerged
rectangular breakwater béhave differently, For permeable submerged breakwater, there was a
well defined minimum K, whereas, for the impermeable structure of the same size there was
1o such minimum. This was thought to be due to breaking and turbulent fluctuations. Both
breakwaters caused loss of at least 50% of incident wave energy and 36% to 64% of energy is
transferred to higher frequencies than incident waves (i.e. secondary waves) are generated.
They experimentally found that, for a solid submerged breakwater of F/d of 0.075 and a B/L
value of 0.5, K, could be 0.3 while, K, was greater than 0.5, for a permeable submerged.
~ breakwater with porosity of 0.4, F/d of 0.2 and B/L of 0.5. Theyobservcd that reflection
coefficient K, varied between 0.2 to 0.6 for F/H values between 0.05 to 0.2 and zero porosity.

Diskin et al. (1970) writes that submerged breakwater cause breaking of high waves at
breakwater rather than at a point nearer to the shore, thus diminishing the height of waves
transmitted to the shore. He lists the advantages of submerged breakwater as low cost, non-
obstruction of the view of sea, which is important in cascs of recreaiional and- residential
shore developments, nor do they convert the site into a completely still pool that would need
artificial circulation of water if beach is used for swimming and submerged breakwaters are

beneficial for artificial fish breeding areas due to small waves in a protected area. Piling up of
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water inside the protected arca may take place due to breaking waves at submerged

breakwater and spilling over into protected zone. Piling of water is important only in the case

of submerged breakwater being very long or protected area being enclosed completely. They

conducted the experiment on submerged breakwater of crest width 0.10m to 0.14m of slopes
1:2.5 to 1:3 with structure height ¢h) 0.15m to 0.40m constructed with the stones of 64gm 1o
96gm. They noticed that, for submerged breakwater with crest at SWL, piling is .35 times
wave height, for F/H, = 0.5, piling is 0.15 H, and for F/H, >1, piling is less than 0.05H, with
an accuracy of 10% to 20%. Piling (Py) is given by |

0l

F
=0.6E 0.7 +
xp ( 7

o o

for -2 <F/H,<1.5and 0.1 <H/d < 0.83

) e (2.25)

They also found that as the waves start breaking at submerged breakwater, piling up increases
till equilibrium is established through the flows out over the breakwater and through the
breakwater. As the waves break, the water mass spreads over a length of 4h to 6h immediate -
behind the submerged breakwater. This is the zone characterized by high degree of mixing
and turbulence and the water there has high content of air bubbles entrapped during the wave
breaking process. The surface of the water is turbulent and fluctuated due to spreading water
mass and the secondary waves that traveled toward the shore may fully develop a short

distance after the end of the turbulent zone.

Sollit and Cross (1970) through mathematical modeling proved that transmission coefficient
K decreased with decreasing wave length L, porosity p and increasing wave height H and
increasing breakwater width B. While reflection coefficient K, decreased with decreasing B
and L and increasing p. They found that for a layered structure of Kd (i.e. 2IId/L) values of
1.5 and 2.01, K; decreased from 0.3 to 0.15 and K, decreased from 0.25 to 0.03, while, wave
steepness increased from 0.005 100.05. But for a steepness of H/L of 0.01 and 0,02, K,
decreased from 0.53 to 0.25 and K, decreased from 0.2 to 0.03 for a variation of Kd (ie.
211d/L) from 0.5 to 3.0. | '

Depth of siting submerged brealwater is generally from 2 to 5m according to Hueckel (1975)
as quoted by Pilarczyk and Zeidler (1996). Submerged breakwaters should be sited at small

distances from shoreline, parallel to it on a depth of 1.5m to 2.5m. For rubble mound
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breakwaters of smooth slope of 1:3, crest datum was generally located at 0.5m to 1.0m below
SWL which was the practice till 1963. Adequate attenuation of waves was believed to be
achievable if the elevation of submerged breakwater exceeded 0.7 times depth of water .i.¢.
td> 0.7 or F/d <0.3

US Government took lot of interest in Jow cost shoreline protection measures such as
revetment; bulkheads, groynes and offshore breakwaters, floating breakwaters, vegetation.
The project was National Shoreline Erosion Demonstration Programme costing $8millions.
This program adopted at number of locations, would demonstrate to public regarding various
aspects of hard and soft options and would provide help for private land owners with an

eroding shoreline (Edge et al. 1976).

Madsen and White (1976) developed analyticél approach to determine reflection and
transmission coefficients of flow through projecting multi layered trapezoidal rubble mound
submerged breakwater of stone armour and compare them with experimental results. They
obtained a K, increasing from 0.4 to 0.6 and K: decreasing from 0.35 to 0.15 for a H/L
varying from 2.5x 107 to 3 x 10" They assumed that long incident waves do not break over
brealcwater and are described by linear wave theory. The external energy dissipation may be

considered mainly due to bottom frictional effects.

Palmer and Walker (1976) write that for a breakwater, the weight of armour placed below 1/3

depth may be 3/4 of that of the armour units placed near water surface.

Thornton et al. (1976) write that as wave shoals, secondary waves start to grow and as the
waves steepen rapidly, just before breaking, the secondary waves likewise develop rapidly on
the back of primary waves. Development of secondary waves indicates transfer of energy o

higher frequencies.

Dattatri et al. (1978) write that transmitted wave has the same fundamental period as incident
wave but for cases with crest closer to SWL, higher harmonics are generated. The wave set up
or piling up behind the submci'ged breakwater is significantly influenced by depth of
submergence, crest width, shape, permeability and wave steepness. Wave steepness (H/L) and
wave breaking characteristics depend on wave height, which in turn have a role in deciding

the stability. They conclude that, incident wave steepness has ao important influence on the
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wave-breaking phenomenon and steeper waves are likely to be attenuated more than the
flatter waves. At higher wave steepness, the influence of incident wave steepness (H/L) on
transmission coefficient (Ko is not significant. Authors conducted experiment on different
geometries of submerged breakwéters. They proved that orest width, depth of
submergence/freeboard F and wave steepness are important parameters for deciding the wave
transmission. They found rectangular and trapezoidal submerged breakwaters had same
iransmission. However, for trapezoidal shape wave reflection was less and transmission
increased with porosity. But for large crest submergence (F/d > 0.2) porosity was unlikely to
have any influence on transmission coefficient Ki. They summarised as follows:
1. For F/d < 0.4, K, is small |
At F/d of 0.4, K, is 0.75 10 0.95.
_ F/d >0.4 is not tikely to have any practical significance.

2

3

4. Small crest widths do not break waves.

5, Optimum crest width (B/L) for rectangular breakwater is 0.2 to 0.3.
6

. Sloping seaward shape with a vertical shoreward face is the optimum
 geometry.
7. Steeper waves are effectively attenuated, but in higher range of steepness, its

influence on K; is not significant.

Thornton and Schaeffer (1978) write that waves in the surf zone are highly nonlinear which is

evident by the appearance of secondary waves.

At Massachusetts USA, sand filled Nylon fabric bag protective structure, supports the perched
beach at Bay Road; Dead Nuk Island and Morris Istand and Sunken Meadow Beach (Gutman

1979).

Khader and Rai (1980) continued the experimental work of Dattatri et al. (1978) and found
that submerged breakwater absotbs wave energy, dissipates energy through premature
breaking, partly reflected the repaining energy and partly transmitted it shoreward.
Subrﬂcrged-breakwéters are offective in beach erosion control. They write that because of the
complexity of the problem, theoretical development is over simplified, and therefore, greater
reliance should be placed on lab and field studies. But these are surprisingly limited. And
most lre]ia,ble quantitative data on effect of submerged breakwater on wave action are those

obtained in laboratory model studies, They found relatively wider barriers have a better wave
83

“Sitchies on Tandem Breafwater”, INCH, MoWR Sponsored R&ED Project, NLT K., Surathkal — April 2003,

|




Chapter 2 Development of Breakwaters

damping action than narrower one, Other shapes of breakwaters effectively damp the waves
only when structure height b/d is large (i.e. 0.43 to 0.66), where as, trapezoidal submerged
breakwaters are effective even in the low ranges of h/d. They pro§ed that for F/d < 0.34 to
0.57, the changes 1 K; is more influenced by wave breaking. Rectangular shaped breakwater

appeared most effective under all conditions.

Seelig (1980) according to US Army Corps of Engineers (1984) proposed the following
empirical wave transmission coefficient, |

Ky = (0.5 = 011 BA) (THF/R).. o ooveee et et e, (2.26)

Where,

R is the run up on seaward slope of a breakwater in absence of wave transmission.

Aminti et al. (1983) according to Pilarczyk and Zeidler (1996) carried out an extensive sories
of experiments with various permeable and impermeable structures. They concluded that for
wave breaking, the ratio of crest width to freeboard (B/F) should be 7 to 9. From the IBW
PAN laboratory tests carried out in the seventies it was observed that. |
1. In breakwaters a major portion of the wave attenuation results from losses caused by
wave breaking creating turbulence at the breakwater slope.
2. Permeability of the submerged breakwater core and its shape has no significant
influence on the transmission coefficient.

3. A higher submerged breakwater induces higher harmonics on the lee side.

They established experimentally for submerged breakwaters whose crest width is equal to
water depth i.e B/d=1, K, decreases froni 0.9 to 0.69, when F/d decreases from 2/3 to 1/3.
Raising the height of str.ucture simultaneously reduces K, by about 10% with respect to the
structure with crest width equal to water depth.

U.8 Army Corps of Engineers (1984) recognized the advantages of submerged breakwater
compared to breakwaters include, low cost, aesthetics, effectiveness in triggering breaking of
high waves without eliminating the landward flow of water, which may be important for

water quality considerations.
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Baba (1985, 1986) discuses about the Soviet design of reinfofced concrete submerged

breakwater as a coastal protection structure. This structure has an optimum seaward slope of
1:1.67 with vertical shoreward face give maximum wave damping, minimum reflection,

minimum bottom scour and maximum sand tapping efficiency. These structures are very

effective for a Jow tidal range of less than 2m and steep waves of H/L > 0.075. The reflection

coefficient K, decreased from 0.4 to 0.02 and K, was fairly constant at 0.3 as d/h increased

from Q.75 to 1.375,

Lundgren and Jacobsen (1987) write a éubmerged breakwater in front of a pile breakwater _
reduces wave breaking on piles and thereby reduce shock waves. The pile breakwater is

suggested as an alternative structure on weak soils.

Sorensen (1987) suggesis a perched beach concept for shore stabilization as a solufion for
shoreline conservation for developing countries. This beach may be protected by a submerged

barrier reef.

Kobayashi and Wurjanto (1989) writes that submerged breakwaters are advantageous with
respect to low cost, aesthetics, wave breaking, water flow and sediment movement over it
therefore helping to maintain water quality. They also conducted mathematical model study of
transmission over smooth impermeable submerged breakwaters and compared with physical
model studies. The results agréed well. They used conservation equation of mass and

momentum to compute flow field. An equation of energy is derived to estimate the rate of

~ energy dissipation due to wave breaking. But Rojanakamthorn et al. (1989) found out that for

a submerged breakwater with porosity of 39% and F/d=0.3, K, varied from 0.1 to 0.7 .

depending upon wave climate and physical features of the structure.

Mani et al. (1991) states that submerged breakwater have been used to protect harbour
e_ntranﬁ:es, to control wave action at inshore fishing grounds and to reduce littoral drift. Most
applications have been designed on the basis of experimental findings as there is no proven
theoretical or experimental work to permit reliable or safe design. He mentions that large
amount of wave energy is lost by wave breaking, turbulence created and friction offered. In
other combination of wave and structural characteristics a significant amount of energy is lost
due to turbulence created by interference caﬁsed by breakwater to normal and transient fields

in both horizontal and vertical directions. They conducted experimental investigations on
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rubble mound submérged breakwater of seaward slope of 1:2 and leeward slope of 1:1 and

crest width of 0.5m and concluded that for (F/d) = 0.5 for a wave attenuation of 30%.

Van der Meer and d’Angremond (1992) gave the following equation for transmission for a

low crested breakwater. |
K:=0.80 for -2.0< FH<-1.13

K. = 0.46 - 0.3 F/H for -1.13< F/H< 1.2
K.=0.10 for  12<FHSZO oo (2.27)

For submerged breakwater they gave the following equations

Ki=aF Dnsn t b i e (2.28)
Where, _ _

8= 003 L D50 — 0.2 +oevreeee e ettt e nr e s (2.29)
b= -5.42 8 + 0.0323H/Dyso — 0.0017(B/Dasp) * + 0.51  oooviiiiiiinieiicinnn (2.30)

and S, is the wave steepness.
They obtained a minimum K; of 0.075 and a maximum K; value of 0.75.

Goda (1996) writes that emerging breakwaters to control beach erosion are aesthetically
unacceptable to people of Japan due to obstruction to view open sea, beach users at tourist

spots. Hence, they prefer submerged barriers for sites of moderate tidal ranges.

Kaldenhoff (1996) writes that to reduce wave load on structure and/or allow water to

exchange, the concept of underwater structure i.e. submerged breakwater is always attractive.

Modeling of transformation and interaction of regular wave trains with submerged permeable
structures is carried out and theoretical results are compared with the experimental data
(Losada et al. 1996). The influence of wave characteristics including oblique incidence,
structure geometry and porous material properties on the kinematics and dynamics over and
inside breakwater is considered. Investigators concluded that crest width and crest height are
more important parameters in controlling the wave reflection and transmission than the
porosity, oblique wave incidence and structure slope for non-breaking waves but this may

change for breaking waves.
BG
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The stability of the submerged breakwater is given by the formula (Pilarczyk and Zeidler
1996) as:

Where,

h and h, are the crest heights of the breakwater before and after the damage respectively, S is
the damage level, N*, is spectral stability number, a parameter introduced by Ahrens (1984).
N, is given by

N, =N, 5, —f” = (HS(A Duso)) (Sp %) +vrvrereemimneoniisiis s (2.32)

Where,
Sp is the local wave steepness, it is calculated using local wavelength from the Airy theory.

Pilarczyk and Zeidler (1996) comments about conclusions of experimental works conducted

in 1970s that in breakwater a major portion of wave attenuation results from energy losses

- caused by turbulence and breaking at breakwater and permeability of the structure core and its

shape have no influence on K and higher the subﬁlerged brealewater higher harmormics on
lecside. These views are quite opposite (Dattatri 1978). Pilarczyk and Zeidler write that
energy damping mechanism due to wave breaking over a submerged breakwater is not well
understood. These are similar to the views are expressed by Kaldenhoff (1996) and Franco
(2001). Wave breaking over the structure induces changes in wave length and wave petiod
and produces' turbulence on shoreward side which should-be taken into account for proper
placement (locanon) of submerged breakwater. Pilarczyk and Zeidler (1996) comment that, in
general it is recommended that, physical and mathematical model studies should be under
taken at the designh stage fo optimise breakwat_er arrangement, Water exchange behind
submerged breakwater is better than that for emerging breakwater. The advantages also
include preservation of environmental and relatively low capital investments. But both
breakwaters suffer from considerable settling due to scouring at the toe vibration and
sediment transport at the toe. Submerged breakwaters like the emerging ones, are intended for
prevention of beach erosion. This function is accomplished through entrapment of suspended
sediment traveling offshore with the return flow and overtopping the breakwater in the
onshore phase of the wave motion. The long shore transport is also partly intercepted by the

growing cusp, sometimes arrested altogether if a tombolo rises. Hence, submerged
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breakwaters dissipate wave energy usually even more efficiently than their emerging
counterparts do, prevent beach erosion, enhance the growth of accretion forms. They are less
conspicuous than for emerging breakwaters as they do not spoil aesthetic aspect of beach and
are economical, The distance of submerged breakwater from shoreline depends entirely on
depth of foundation and sea bed slope. Submerged breakwater located in breaket line and surf
zone cause higher scour if their height is higher. The submerged breakwater located seaward
of breaker line cause higher crosion if their crest is lower. It is generally assumed that a

trapezoidal cross section is better than rectangular one.

The best morphological effects, pronounced as accretion of sediment between the submetged
breakwater and shoreline have reached for the slope of the seaward wall ranging 1:2 to 1:3.
Better dissipation of waves, lower reflection and easier transport of sediment over the
structure were observed for these slopes. Lower erosion at the foot of the structure was also
noticed. In general effectiveness of submerged breakwater in wave damping is lower than of
emerging breakwaters having same geometry and layout. To achieve comparable results, the
transmissibility of submerged breakwaters should be decreased by enlarging erest width or
diminishing the free board (F). For the structures with sufficient crest width, the wave breaks
resulting in greater energy dissipation and less transmission. Crest width is found in all
investigation as a factor improving wave dissipation. Economic assessment must determine
selection of this parameter. Further investigations on effect of crest width of submerged
brealwater on transmission are needed. Pilarczyk and Zeidler (1996) write that wave
propagation over submerged breakwater, generates higher harmonics on seaward side. This
strongly influences wave decay and K. The higher harmonics are generated in shallow water
larger over submerged breakwater and then transmitted to deep water as free waves. For
regular waves this increases the transmitted wave energy which 1is at 2 higher frequency than
that of offshore waves. The slope angle has largest mfluence on non-overiopped structures,
but in the case of submerged structures, the wave attack is concentrated on the erest and less
on the seaward slope. Therefore, excluding the slope angle of the submerged structures, being

a governing parameter for stability, may be legitimate (Pilarczyk and Zeidler 1996).

Smith et al. (1996) mention about a three year feasibility study on coastal conservation for

islands of Barbados, where, a submerged breakwater along with groyne and beach

nourishment were designed to develop wider beach at the eastern end of Rockley beach. They

studied wave breaking, sediment movement, beach building etc. The data obtained from
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physical model tests were used to calibrate various numerical models regarding sediment
transports, performance of submerged breakwater ete. They concluded that optimum location
was parallel to bed contours at a seaward distance X/d of 39.5 from beach, crest elevation hv/d
of 0.84 would cause beach accretion and if the submerged breakwater is hlocated beyond at
X/d > 40, the beach gets eroded (refer Fig. 2.8). They found lowering of crest elevation h/d
from 0.7 to 0.5, increased beach erosion due to offshore sediment n'ansport.' They also

observed that critical conditions of stability were low water conditions.

ROCHIEY WEsE RACk{Ey: REKIRAL

- GMAL SNORELRE
e ARTA GF DERBH
\ NBARENT

Gieoer soneow AREA

Fig. 2.8. Submerged breakwater at Rockley beach, Barbados

Van de Graff (1996) writes that a propetly designed submerged breakwater is able to reduce
wave heights on lee side and also reduce the rate of dune erosion during storm provided
increase in sea water level does not exceed the design level, He further writes that, in order to
restrict the vblur’ne of sediment needed for reclamation in zero option, one could considet a
submerged breakwater with the help of which upper part of the cross shore profile can be
supported and thereby avoiding the toe of profile while achieving reduction of large volume
of sand. Author writes about experiments being carried out, in Fluid Mechanics lab of Delft
University of Technology, The Netherlands, to study the effects of submerged brealcwaters on
coast and experiments are also being conducted to study the application of beach nourishment

and shore parallel structures.
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Seabrook and Hall (1997) presented the results of 2-dimentional tests defining the effect of
depth of submergence, crest width and breakwater slope on K, from regular and irregular

waves and concluded that existing equations do not adequately predict the Ky for wide crested

structures.

Mai et al. (1999) writes that submerged dykes are one of significant contributors to the
protection and safety of the Gerrnan coastal line. These dykes offer shoaling, refraction, wave
breaking and bottom friction. They used mathematical modeling by HISWA, SWAN, MIKE
21and EMS software for simulating above processes and calibrated numerical models with

experiments of large scale models in a wave tank.

Daemrich et al. (2001) concluded that the following design formula (given by d’° Angremond
et al. 1996) is gbod basis for analysis and control of measurements on K, at submerged
structures within the given range of validity. _

K, = -a F/H + (B/H)® (1-exp(-c£)d e (2.33)

Where,
for permeable structure, a = 0.4, b= (.31, ¢ = 0.5, d =0.64 and for impermeable structure, a =

04,b=031,c=05and d=0.8.

Franco (2001) mentions that submerged rock mounds are fused for retaining that beach

nourishment at the seaward end. Eg. Venetian Lidos, They have a variable submergence (F)
of -0.5 to. -2m where tidal tange is less than 1m. He also writes that hydromorphodynamic
processes associated with submerged barriers are not yet fully known. Therefore, a specific
European research project called DELOS was started in 2001 and was coordinated by
University of Bologna which will also investigate their ecologic and economic implications in
order to provide more reliable design guidelines. In Italy perched artificial beach contained by
L shaped rock groynes and submerged barrier, for enhancing recreation and urban social life,

is being completed along the water front of Civitaveachia, Rome.

Mendez et al. (2001) conducted numerical model studies on permeable submerged
breakwaters of slope 1:2 subjected to regular waves. They concluded that set up induced is

due to radiation stress emergy dissipation which in turn 1s the result of wave breaking and
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friction. The set up for non-breaking waves is 2% to 5% of incident wave height, while for

breaking wave, set up reaches up to 20% of H; or higher depending upon H;.

Nagendra Kumar et al. (2001) designed a submerged breakwater along with a groyne for Pilot
basin at Sagar Island in Hoogly Estuary, India to reduce the wave energy levels and siltation
where, the average tidal range is about 6m The efficiency of submerged breakwater in
dissipating wave energy was evaluated by numerical modeling of wave pfocesses using
parabolic mild slope (PMS) module of MIKE21 software. This model takes into account the
effects of wave reflection, refraction, diffraction, energy dissipation due to bottom friction and
wave breaking. The submerged breakwater was 330m long and design wave was 2.5m high
and period 10sec. The model was run for regular waves. They concluded that, wave reflection
from submerged breakwéter is absent as the submerged breakwater dissipates incoming wave
energy and transmits the remaining energy to the lee side. Further they wiite that if the
submerged breakwater is oriented perpendicular to wave direction, the diffraction along wave
direction is almost negligible. They found that the submerged breakwater creates friction to
dissipate energy in addition to natural - friction from bed and effect of bottom friction is
cumulative and wave energy dissipation increases with distance of travel towards shore. The
energy dissipation of monochromatic waves by submerged breakwater is less than irregular
waves. This is very much required for conservative hydraulic design of submerged
breakwater.

Rambabu and Mani (2001) proposed a numerical model to predict K, using Laplace equation
for certain boundary conditions. Their solution is in the form of velocity potential which is
solved using Green’s theorem. They observed that K. decreases with increase in wave
steepness and with decrease in F/d. They concluded that by restricting F/d to 0.5, K, can be
kept below 0.6.

Twu et al. (2001} proved through mathematical modeling that for deeply submerged
rectangular breakwaters of B/d 20 and F/d of 0.5, K, can be as low as 0.2 even when porosity
is as high as 0.8,

Rambabu and Mani (2002) theoretically studied the effectiveness of a submerged breakwater
in coastal protection. They aimed to investigate the effect of depth of submergence, crest

width and incident wave conditions on transmission characteristics. The computational results
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showed that, K, reduced by 45% for 2 wide range of wave steepness 0.0014 < Hy/gT? < 0.0081
with F/d of 0.5. Further the results indicate an optimum width ratio B/d of 0.73.

In quite some sitnations low crested structures are not parallel to the coast and waves attack
fhe structures obliquely. And obliqie transmission takes place. The overtopping and
transmission may reduce in such cases. Van der Meer et al. (2003) investigated this problem
and have tried to find out whether the presently available equations accurately predict the

transmission.

Diffraction effect of the tip of the permeable suBmefged breakwater on wave transmission has
been studied in 3D model investigations by Dharma and Hall (2004). The results showed that,
the parameters like F/H;, Hi/Dnso and B/H; are most important. A model to predilct _
transmission was developed using statistical analysis. K was related to diffraction, wave
breaking, overtopping, dissipation due 10 surface fricion and transmission through
breakwater. Regression analysis was performed and the following equation was derived.
K, = {-0.869 exp(F/H,) + 1.049 exp(-0. 003B/H,) — 0.026(H:F)/(BDys0) _0.005B°/(L Dyso)

+ 0.003(h/d)(a/L)Cos (¥ - Do} verens e (2.34)
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Where,
d is the depth of water, F is freeboard, H 1s wave height, L is local wave length, B is
breakwater crest width, h is structore height, a is radial distance of the point of interest from

the tip of the structure on leeside, ® is angle of the point of interest and @, is wave angle.

2.13 REEF BREAKWATER

Reef breakwater refers to a low crested rubble mound breakwater without the tradiﬁonal multi
Jayer cross section. This type of breakwater is litfle more than a homogencous pile of stones
with individual stone weights similar to those used in armour of conventional breakwatets

(Abrens 1984, 1989).

In receni years there has been a pronounced expansion of the role of rubble mound
breakwaters in coastal engineering, Rubble mound jetties and breakwaters have traditionally
protected navigation chanmels and harbours but now, rubble mounds are being widely used for
beach stabilization and shore protectwn Since reef structures do not have core, they cannot
fail catastrophically. Hence, a logical strategy is to allow them to adjust and deform to some
equilibrium condition because of high porosity, reef structures are more stable than rubble
mound breakwaters and at the same time they would dissipate wave energy efficiently. It is
also be}ieved that their simplicity would be a significant factor in 1ceep1ng down the
construction cost and suggested that a ceef breakwater would be an opiimuim structure type for
many situations (Fulford 1985). He discusses the performance of reef breakwater as shoreline
stabilization measure and response of the shoreline at Chesapeake Bay, USA against

conventional methods like groynes, seawalls and revetment.

In Ausiralia, at Rosslyn Bay, the breakwater was damaged by the cyclone called David in
1976. The crest height was reduced by 4m, but the struciure still functioned efficiently as a
submerged breakwater. Based on good performance, this damaged structure, a low crested
design was chosen for reef breakwater at Townsville Harbour, Australia which was

constructed with 3Ton to 5Ton stones (Bremner et al. 1980).

Ahrens (1984) worked on the reef breakwater model of slope 1:1.5, constructed with armout
of 17gms to 71gms in water depths of 0.25m fo 0.3m with irregular waves of heights varying
from 0.01m to 0.18m of period 1.45 sec {0 1.6 sec. The area of cross section (A) of the
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brealcwater varied between 0.117 m? to 0.19 m*. He passed 3500 to 4000 waves to get the
equilibrium profile of the structurs. Ahrens found that the reef was damaged more for waves
of long petiod than short period. Therefore, he included fhe local wave steepness in 2

modified spectral stability qumber N, defined by equation 2.32. He defined damage by
D' = Ad/(Wjﬂ/ %)2;'3 ...................................................................................... (235)

Where,
Ay is the damaged area of the reef and Wspand " are the mean weight and specific weight of

the armour respectively.

He found that for the spectral stability number (N:*) less fhan or equal to 6, there was little or
no stone movement and for the number grater than or equal to 8, there was noticeable stone
movement and the damage of the structure. He found that for a given depth, the maximum
stable height increased with wave period T and K, was 2 function of crest width, depth of
submergence and wave Steepness. Further he reports that, maximum wave encrgy reflected
was about 18% for long waves for crest at SWL and it was about {94 for short waves, The

wave reflection reduced as depth of crest submergence F/H increased.

Sorensen {1987) wriles that stabilizing the nourished beach with an offshore breakwater is the
concept of perched beach. A low submerged stone reef 1s constructed offshore and parallel to
the shore and sand fill is pléced on landward side. The reef holds the perched beach,
significantly reducing the sand fill that is required. The sill also acts as a large offshore bar to
break strong waves and much of their energy, S0 that it can serve as a shore protection'
structure. He tested the model of the reef with a crest width of 0.076m, height 0.152m of slope
1:1.5 in a depth of water of 0.152m to 0.353m. Median armour size was 15gm with 5% stone
lighter than 3.7gm and 95% stones lighter than 35gm. In the model test, he verified Abrens
(1984) stability numbet for regular waves of height 0.049m to 0.198m of period varying from
1.09sec to 2.55sec. He found that the damage increased with increasing wave period. He
plotted damage (Nyp) as a function of reef height (h/d).

Ny, = (YL H(Daso* D) e s e (2.36)

He observed that for a reef structure of /d = 0.43 o 1.0, damage staris for N, > 5 which is
close the recommended value by Abrens.
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Sawargi et al. (1988) as quoted by Pilarczyk and Zeidler (1 996) in their experimental work on
submerged breakwater observed that decay of wave height after breakmg becomes more rapid
when structure is higher, They also discuss an adequate width of submerged breakwater to
prevent severe erosion of nourished beach. They conducted experiments on small scale model
of 1:2 sloped reefs with water depth of 0.10m on a 1:30 sloping beach. The relative reef
height (h/d) was 0.25, 0.55 and 0.75 with relative wave height H/d of 0.5, 0.75, and 0.9. The
wave periods T were 0.8sec, 1.1sec and 1 4sec for plunging breakers. They concluded that
decay of broken wave height is more rapid for taller reef regardless of Hi/d and thus h/d was

more impertant than Hy/d.

Ahrens (1989) further analyzed the stability of reef structures and calculaied its response with
respect to the variable called average cotangent of reef as

C = A/BE oot et e (2.37)

Where,

A is the cross section of the reef, h is the crest height at equilibrium after damage.

He found that for NS* less than 7, there was little or no adjustment of reef armour to the wave
action. Then he defined the stability coefficient similar to Hudson’s as

Kp' = Ny*/log (C) e (2.38)

C' can also be calculated as

C = Bp(0.0945NS) ovierrsmevrmesornsscreeneermrannssssssssssessisnnssssmesne(239)

He concluded that reefs with greater bulk B, resist the degradation better than small reefs and
are stable if they are of low profile, where, bulk number is calculated as
Bﬂ = A/Dﬂjg. S R AR L LA (240)

Kale and Gadre (1989) write about offshore submerged breakwaters as efficient measures for
beach protection without affecting the littoral drift significantly. They write about stable
offshore submerged breakwater constructed in depths of 2m to 3m which can be economically
constructed by chaJmng the small concrete blocks of weight less than 200kg which can be cast
in situ, assembled and easily placed with the help of boats and 4 io 6 people with locally
available equipments. They mention about Jab test of such submerged breakwaters made of

30Kg to 40Kg concrete blocks with 1: 1.5 and 1:3 slopes with a crest submergence of 0.5 to
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1m in water depth of 2 to 3m, the crest width was 1m. to 1.5 m. They could achieve a Ky of 0.5 '

to 0.67 without significant damage to armour units.

Gadre et al. (1992) tested a reef structure as a protection measure for the buried submarine
pipelines. The reef was constructed with rocks of weight 0.5Ton to 4Ton placed randomly at a
slope of 1:3 in a water depth of 6m, 8m, 10m subjected to maximum wave height limited to
breaking wave height in a particular depth, of period 10sec. The test was conducted for

regular and irregular waves. They gave the following stability number

NS = Y HPAT 0 ) oo (2.41)

They also gave the deign graph of (Ns)* Vs F/d. The wave heights causing initiation of
damage to armour of submerged reef were different for regular and irregular waves and

H-reg {Hrand = 1.12.

Van der Meer and d’Angremond (1992) combined experimental data of many researchers,
fitted the average line and gave the equations for Ky of submerged breakwater. But they
observed that reef breakwaters differ considerably from conventional breakwaters and arrived

at the following equation for K.

Ky =@ F/Dpso T B oo e (2.42)
Where,

a=0031H/Dusg—0.24 cooioiriiiiiiiiiiii e e e (2.43)

b=-268,—005H/Dys5 + .85 i i eea e crerierseneend(2.44)

The above values are valid for 1< H/Dys < 6 and 0.01 <8, < 0.05. They obtained a minimum
K, of 0.015 and a maximum K value of 0.0 for F/Dpso < -2, linearly increasing to 0.8 for

Frr.Dnﬁ) = -6.

Goda (1996) proposed a longitudinal reef system for coastal pfotection where tidal range is

moderate as shown in Fig, 2.9. This is a group of rubble mounds set normal to the coast and is
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7T

Lingitudinal Section

Fig. 2.9. Lo_.ngitudinal reef system

less obtrusive to view open sea. It uses the wave refraction effect by the side slopes for
ephancement of wave breaking and energy dissipation. The amount of rubble mounds
required to build the longitudinal reef system is about same as that for submerged breakwater
with broad crests. This system in addition of being less obsiructive enhances exchange of
scawater betweern offshore and near shore because of broad water passages between its units
in contrast to diminished water exchange with detached breakwaters. Goda writes that a
submerged reef with broad crest is usually designed with a K,of 0.6 asa target value and
longitudinal system can be designed with similar wave damping characteristics those
comparable to submerged reef. He conducied experiments on a longitudinal reef system in a
flume. He tested its model of length of 0.5m, 1m and 2m with a height of 0.1m, whose end
slopes were 1:2 and side slopes 1:2.5. Because the sidewalls of the flume were regarded as

perfect reflective boundary, the model arrangement represents the case with an infinite

* number of longitudinal reefs set along the coast. The tests were carried out with water depths

of 0.08m to 0.14m with armour stone diameter of 0.02m to 0.03m for waves of 0.23m to
0.86m of periods varying from 0.64 sec to 1 4 sec. He concluded that crest width, depth of
submergence and spacing between veefs are important parameters and by controlling these
parameters, K, can be brought down to 0.5 or less. He alsol concluded that this system does not
cause piling up of water and reflection and construction costs were comparable with broad

crested submerged reef as total vojume of rubble was same.
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Nizam and Yuwono (1996) conducted experiments on efficiency of artificial reefs as
alternative beach protection. They assumed that reef can be designed using concepts gimilar to
the berm breakwater i.e., to allow the structure to reshape and achieve its dynamic equilibrium
with hydrodynamic loading. This makes the reef structure more attractive since, a much
smaller material than the conventional design approach can be used. They conducted physical
model studies on 0.2m to 0.45m high, 1:2 sloped model of rect breakwater with its crest width
varying from 0.15m to 0.4m constructed with armour of mean diameter of 0.01m to 0.03m.
The model was constructed in a depth of 0.2m to 0.7m and subjecied it to regular waves of
height 0.0191m to 0.2m with periods varying from 0.89 sec to 2.68 sec. They obtained a Ky of
0.1 to 1.0 and derived the following stability coefficient K fo calculate the weight of reef

armour.

Kp' = % FEAW308%) oooreoeeeis s (2.45)

The authors studied the damage of the reef crest in detail and have provided a graph of
stability number Kp’ Vs relative distance B/X (i. e. crest width parameter) on either side of
the centre line of crest. They concluded that a significant economy can be achieved by zoning
the crest width into several parts and reducing armour weights further away from the position

of wave breaking.

Submerged reef breakwater is a structure that is optimized to the highest degree. For this
structure, the critical conditions of stability are at low water level and it becomes mdre stable
at increased depth of submergence (Smith et al. 1996). This is due to sheltering effect
provided by the overlying water cushioning of the impact forces and attenuating the drag

forces of the waves.

Franco (2001) writes about perched artificial beach contained by L shaped rock groynes and
submerged barrier for enhancing recreation and urban social life was built along the water
front of Civitaveachia, Rome. An interesting addition to this scheme was the novel design of

artificial reef for surfing of rocky foreshore slope of 1 133,

Armono and Hall (2002) experimentally investigated' the wave transmission at hollow
hemispherical shaped submerged artificial reef. The model of slope 1:2, crest width 1.0m and

height h of 0.22m was constructed with armour of nominal diameter (Dnso) of 0.0366m in
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depths of water d varying from 0.35m to 0.6m. The model was tested for regular and irregular
waves of heights varying from 0.05m to 0.2m of periods 1sec, 1.3sec, 2 Osec and 2.5sec. They
concluded that for relative height h/d > 0.7, the offect of the reef crest width is visible and as
depth of water increases this effect becomes insignificant. They obtained the smallest K; for
/d value of 0.7 while, 1t was highest for h/d value of 1.0 and observed that, the difference

between wave transmission obtained for regular and irregular waves 18 not significant.

" Bierawski and Maeno (2002) conducted physical model study of jmpermeable submerged

breakwaters and reef breakwater 10 study the water pressure fluctuation around these
structures. They conducted experiments on a 1:2 sloped 0.3m high and 0.3m wide crested
breakwater constructed with armour of mean diameter of 0.015m with 35% potosity. The
waves of 0.06 to 0.2m height and of period 2sec were generated in a depth of water of 0.3 to
0.6m. They found that largest water pressure and pore pressure ﬂudtuations were in the area
located near the seaward edge of ihe breakwater crest which had highest risk of damage. They
assumed that the water exchange process between porous structure and wave field play a
significant role in wave propagation inside gtructure. They found that, large pressure gradients
appeared below toe and crest of impermeable structure was destroyed. However, for
permeable rect breakwater, the pressure fluctuations were transmitted by moving particles

throughout porous media and change in pressure took place on larger distance and the

gradients were lesser and very far from horizontal. This made the permeable reef structure

safer. They also reported that the influence of permeability of structure on wave attenuation to
be minor importance and on wave reflection to be effective only for large relative heights and
significance of any changes in structure characteristics becomes larger with freeboard ratio

becoming close 10 Z&r0.

Harris (2003) discusses about performance of submerged artificial reef ball breakwater
constructed in Deminican Republic for beach erosion control. The author conducted beach
survey 3years after the structure was put in place. The survey showed a shoreline advance of

about 10m to 13m.

A cost effective, flexible yet tough Y shaped submerged artificial reef may be constructed with
durable and environmentally inert High Density Polyethylene Pipe (HDPP) matrix for beach
protection. Ross and Pleskunas (2003) showed that, such a structure breaks waves coming

from all directions reducing the inshore wave energy encouraging beach development without
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disrupting the alongshore sediment transport. The structure is highly stable, can be installed
and removed whenever desired. It can be deployed and anchored with a high level of precision.

Anchoring can be through application of ballast of wet sand or concrete.

2.14 PROTECTED STRUCTURES

Designing breakwaters is primarily based on selection of design wave height. The designers’
dilemma is to select the wave height from Hiso, Hs 0T @ Wave height which creates a
resonance condition or a Wave height with 50 or 100 years return period. Even under such a
design load, typical damage may occur between 29 to 5% of the armour units (Mol et al.
1984). Which one of this if selected for the design will guarantee against the hydraulic

" failure? In fact, one cannot rule out possibility of a cyclone creating a huge wave which may

cause severe damage to the structure of initiate gradual morphological changes, changes in
site conditions triggering the damage of the breakwater. However gbod the available data,
there is always some doubt and considerable uncertainty about wave conditions during storm
attack (Owen and Briggs 1986). Hence, there is always this element of risk inbuilt in the
design of breakwaters. We can read many such cases of trealwater failure in the literature. S0
what is the solution? One solution could be the protection to breakwaters which can mitigate
damage of storm waves 10 some extent. Though his concept was evolved in 1956 by Danel
(Cox and Clark 1992), it was realised only in 1980’s {Groeneveld et al. 1984 and Gadre et al.
1985). The submetged struciure can be used for shore defense ot protection to moderate the

waves that impinge on shoreline or primary structure (refer Fig 2.10).

The wave energy transmitted past the submerged breakwatet is dissipated through various
mechanisms such as wave breaking, bottom fiiction and generation of turbulence. This
process is known to depend upon the characteristics of the submerged breakwater such as 1ts
height, shape, permeability and roughness as well as wave climate (Cornett et al. 1993). A
breakwater under wave attack gradually assumes an equilibrium shape of 2 berm breakwater.
Danel recognized that berm Is actually excess material which can be removed without much
hassles and shified seaward to form a submerged reef without impact on the breakwaier
stability. Thus, a breakwatet and a submerged reef evolved as a concept of tandem
breakwater, where, two structures act together and resist extreme wave loads (Cox and Clark

1992).
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Fig. 2.10. Evolution of tandem breakwater

Groeneveld et al. (1984) recognized the construction of a submerged parrier in front of a
breakwater ot providing a submerged berm attached to fhe seaward face of the breakwater as
rehabilitation measures for damaged breakwaters as submerged barriers break high waves and
transmit the attenuated waves. K, was always found to be greater than 0.4. But the submerged

reefs are usually designed with a K, of 0.6 (Goda 1996).

Based on limited study Gadre et al. (1985) designed a submefged bund in front a revetment

for reclamation of land between outer harbour and fisheries harbour north of Bharathi dock of

Madras Port, Chennai India. Refer Fig. 2.11.
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The normal conventional type of reclamation bund in a water depth of 8m would require
armour stones of 15Ton or tetrapods of 6.5Ton on the slope of 1.2 to withstand waves of Jm
height in a depth of 7m conmdermg the non-availability of stones over 2Ton to 3Ton, in the
vicinity of port, it was suggested to construct a submerged bund, pump sand and then provide
upper pitched revetment. This arrangement broke higher waves over the submerged bund and
dissipated wave energy due to friction offered by the reclamation fill in between the two
structures. This resulied in a low cost construction in companson with conventional type of
bund. The authors conducied a model study of scale 1:30 on a submerged breakwater of slope
1:1.5, crest width B/d of 0.625 and height /d of 0.5 at a seaward distance X/d of 14.2 was
used as a protection 10 reclamation bund such that the submergence F/H was -0.6 to -0.65, and
wave steepness H/’gT2 of 0.0051 where, X, B, h and d are the spacing between iwo structures,
crest width of the submerged breakwater, reef height of the submerged breakwater and depth
of water respectively (Gadre et al. 1985). They tested it for regular as well as for irregular
waves. The structure broke Sm design wave and transmitted a 4m wave (K; = 0.8) and these
waves further got attenuated by the friction offered by the reclamation fill between two bunds
and only a wave of height of 3.5m impinged on the inner revetment. Hence, it now required
armour of weight of 2Ton to 3Ton at a slope of 1;3 and stones of 0.5 ton to 1.5 ton at a slope
of 1:2.5 at higher level where, it was constructed as a berm type struciure. The submerged
bund of 4m high was constructed in a depth of “7m to -3m with a crest width of Sm with

armour of 0.5Ton to 1.5Ton at a slope of 1:1.5. There was no damage of submerged bund.
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Fig. 2.12. Submerged breakwater protection at Veraval Port, Gujarat, India

In 1989, at Veraval Port in Gujara, India, the breakwater head was damaged due to extreme
waves crossing 9m in height. Several rehabilitation measures were tried. Ultimately it was
decided to construct a submerged breakwater at 80m seaward of the damaged structure which
was selected as a solution (refer Fig. 2.12). A submerged breakwater, of crest width B/d of
1.06 and height h/d of 0.5 at a seaward distance X/d of 8.88, with a crest submergence F/H of
-0.22, was used as a rchabilitation structure for a damaged breakwater head at Veraval Port

Gujarat, India, to secure it from storm waves (Gadre et al. 1989).

In 1990, it was decided to build a marina at Hammond, Indiana on the southern tip of Lake
Michigan, USA. The normal armour weight required was 8Ton on a slope of 1:1.5 for a
conventional non-overtopping structure. Cox and Clark (1992) conducted experimental
studies and investigated the impact of a seaward submerged reef on the inner breakwater
separated by a distance of 22m to 38m. They found that a submerged reef of 6.9m width and
3.9m to 4.95m height attenuated the incident waves up to 33% in water depth of 5.4m to
6.45m. Based on limited study, they found that a reef structure of crest width B/d of 1.53 and
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of height h/d of 0.86, constructed at a seaward distance X/d of 9.0, Ifor protecting a
breakwater, attenuated the waves considerably. According to them the transmission finally
becomes depth limited and can be described by the empirical expression.

Kom Q8057 e T (2.46)

Where,
K, is transmission coefficient, F is free board (negative for submerged breakwaier) and H is

incident wave height.

3

1! LD

Fig. 2.13. Tandem breakwater design for Hammond, Indiana, USA

Cox and Clark (1992} finally recommended construction of a breakwater with an armour of
3Ton and lowered the crest by 1.5m with a seaward reef constructed with armour of wei ght up
to 1Ton at about 40.5m from the breakwater as shown in Fig. 7 13. They called these
structures as tandem breakwater, because, reef and breakwater acting together as a single unit
registed the onslaught of extreme waves. By constructing the tandem breakwater, they saved
$1million. They concluded that depending upon. site conditions; a tandem breakwater may

prove to be an optimum structure.

Cormeti et al. (1993) observe that submerged sand bars, shoals and reef are known 1o trigger
shift wave energy from fundamental to higher frequencies through harmonic coupling of
higher order wave components from their fundamental carriers. This effect 18 quite
pronounced for a broad shallow sloping shoal according fo Beji and Baitjes (1993) as quoted
by Comett et al. (1993). Tests with regular waves indicate a strong gpatial variation in wave
characteristics down wave from submerged breakwater, depending upon phasing of free

higher harmonics relative to fundamental wave components. But with low crested steeply
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sloping reef breakwaters, less dramatic transformations occur and even these subtle wave
transformations can have important effects on near shore processes and performances of shore
protection structires. The stability of protected structure is dependent on transmission of wave
energy and transmission of extreme waves and extreme loading events. Corneit et al. (1993)
conducted a limited set of small scale physical model tests on tandem breakwater sysiem.
They constructed a breakwater of medium armour diameter of 0.042m placed on a uniform
slope of 1:1.75 in a water depth of 0.55m. They built reef breakwafar with slope 1:1.5, a crest
width of 0.1m (i.e.B/d of 0.18) and heights of 0.17m, 0.25m and 0.33m (i.e. b/d of 0.31 to
0.60) at a seaward distance of 2.11m from the breakwater (i.e. X/d of 3.83). The model was
tested for regular and irregular waves of heights 0.12m and 0.2m of periods 1.5sec to 3sec.
They passed 320 to 440 waves. Authors observed that at F/H; = 2.5, K, approaches 1.0 and -
fhen it remains vnaffected for F/H; > 2.5. The character of waves fransmitted at reef
brezkwater has considerable effect on design and performances of additional protected
structures such as breakwaters or revetments. They found that, the reflection coefficient K,
increased with reef submergence F/H. It was observed that maximum K, was about 0.27 for

F/H of -1.5 and decreased to zero for F/H < -3.0.

Authors gave alternative expression for stability in terms of number of stones eroded N from

a particular test section of the breakwater with width By as:

S = Ny D5l Bis (1 =B cevnvreereeoraesamsrssintet s s s (2.47)

Where,
q is the dimensionless damage given by A/ D? 150 and Cornett et al (1993) quotes Vidal and
Mansard (1993) that initiation of damage starts for S = 1 and start of destraction for § > 4 and

p is the porosity,

Cornett et al. (1993) concluded that,

1. For areef of h/d < 0.6, no significant wave attenuation occmed.

2 For reef of h/d > 0.6 and X/L = 2, the incident wave is Ireduced by 5% at the toe of
breakwater, wave loading on breakwater armour is reduced by 15% while its
damage is reduced by 50%. '

3 For reef of h/d >0.6, largest wave heights are significantly reduced.

4, Wave period influences wave transmission at reef and also performande of tandem

brealowater.
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5. Depending upen geoinetry of tandem structures, an optimal spacing between the

structures may exist.

Even modest reduction in wave heights and load levels can have dramatic effect on
performance of breakwater armour. In conditions near the threshold of armour stone motion,
such a reduction in loading can make the difference between extensive damage and no
damage. Higher and broader reefs are likely to cause more pronounced wave transformation,
greater reduction to extreme loading events and even more dramatic attenuation of damage.
Such attenuation would allow more economic design of breakwater (Cornett et al. 1993).
Further, they observe that considerably more research and testing of ree.f breakwaters and
tandem breakwaters concept are required io develop a complete understanding of the
transformation to transmitted waves, loading events and implications for the performances of

diverse tandem breakwater systems.

For a new yacht harbour in Salerno, Italy, to lower the crest by about 2.5m for visual reasons,

the designers chose tandem breakwatey (Franco 2001).

Neclamani et al. (2002) experimentally investigated the hydraulic performance of an

impermeable plain seawall, of varying inclination & from 30° to 90°, defenced by a defached
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Fig. 2.14. Defenced seawall

breakwater as shown in Fig, 2.14. They concluded that, for a breakwater of width (B/d) of
0.25 to 0.40 and height (b/d) of 0.75 to 1.2, constructed a seaward distance (X/d) of 6.63 to
10.6 from the seawall, wave pressures on the seawall are reduced by 45%, wave run up and

cun down on the seawall are reduced by 10% to 40% and 10% to 70% respectively and
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reflections are reduced by about 10% for breakwater submergence of -0.33 < F/H < -4.0 and

wave steepness of 0,004 <H/gT” < 0.115.

Table 2.4 compares the parameters of field and model tests of protected struétures ag given by
various investigators. Gadre et al, (1985), Gadre et al. (1989) and Cox and Clark (1992) report
prototype studies and whereas Comett et al. (1993) and Neelamani et al. (2002) conducted
physical model studies in the laboratory.

Tn the design of the conventional breakwater, a wider toe berm of about 20rh, instead of about
3m to Sm, constructed just at low water level with stones of 10% to 20% of the primary
armour acts as a rehabilitation measure for a damaged breakwater and save the cost -

substantially say to the tune of 30% to 40% (Poonawala et al. 2004).

2.15 SUMMARY

Breakwaters have been built through out the centuries but their structural development as-
well as their design procedure is still under massive change. New ideas and developments
are in the process of Being tested regarding breakwater layout for reducing wave loads and
failures. Breakwater design is increasingly influenced by environmental, social, aesthetical

aspects and new type of structures are being proposed and built.

Till now the submerged breakwaters were used only for beach protection, harbour
protection and rehabilitation of damaged breakwater. But they can also be used for the
protection of rubble mound breakwater for stability. Breakwaters’ vulnerability to extreme
events such as storms is a reality. However, good: the available data, there is always some
doubt and considerable uncertainty about wave conditions during storm aftack. Hence,
there 1s always this element of risk inbuilt in the demgn of breakwaters which may cause

damage or failure. We get number of such cases in the literature.

The failure or significant damage of conventional breakwatet, due to onslaught of extreme
waves, may have disastrous consequences. This may be catastrophic and extremely costly
or in some cases impossible to rebuild the structure. One of the things engineers can do, is

to design a protective structure in the 'ﬁ‘ont, which will withstand, resist and manage such
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destructive extreme events at least to some extent and at the same time, mitigate large

damage of the inner main breakwater.

Table. 2.4 Comparison of field and model parameters of protected structures as tested by

various investigators

Parameter Gadre e‘F al. | Gadreetal. | Cox and Clark Corpett et al. | Neelamani et al. |
(1985) {1989) (1992) (1993) (2002)
X (m) 100 80 40.5 21 5.3
d (m) 7.0 8.0 4.5 0.55 05-08
B {(m) 5.0 9.5 6.9 0.1 02
h (m) 4.0 4.5 3.87 0.17-0.33 0.6
F (1) 3.0-4.52 2.0 0.6 0.1-038 0.1-0.2 4
H (m) 5.0 7.0-9.0 5.82—7.08 012-0.2 0.05-0.3
T {sec) o | - 103-117 1.6-30 1.0-3.0
X/d ' 14.2 8.88 9.0 3.83 6.63 - 10.6
B/d 0.714 1.06 1.5 0.18 0,25-04
h/d 0.57 0.5 0.86 03-06 075-12
F/H 0.6-09 0.22-0.29 0.085 - 0.103 0.5-3.17 0.33-4.0 J
HigT* 0.0051 0.0043 —0.0068 | 0.0014-0.02 0.00057 - 0.03 ‘

A submerged reef, which, is an optimized structure to highest degree is the one that may be
located at a certain distance seaward of the breakwater as a protective structure. The wave
breaking over reef causes great turbulence on lee side. They also offer resistance through
friction and turbulence created by their interference in wave field causing maximum wave
damping, energy dissipation and attenuation of the waves which then attack the breakwater
within a tolerable fevel. The design of this type of combined structure is complex and
requires detailed information oﬁ parameters such as water jevel changes, wave loads on
breakwater armour units, run up and run down on breakwater slope, damage, -height_df
* submerged structure, its crest width, its seaward location, wave transmission, armouy

weight etc.

Therefore, more research is needed to understand their mechanism and performance and

design such protected structures confidenily.
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- Chapter3
Developments in Physical Model Testing

3.1 INTRODUCTION

Breakwaters have been built through out the centuries but their structural development as well
as their design procedure is still under massive change. New ideas and developments are in
the process of being tested re garding breakwater layous, reduction of wave load and failure of
breakwaters. Designs are being increasingly influenced by environmental, social and
aesthetical aspects transforming the breakwater into a complex structure. Under such sitwation
where, the design/analysis of the prototype structure is very complicated, the use of physical

models is particularly advantageous.

The stability of rubble mound breakwaters under wave attack is an important aspect of the
design. Until early 1990s the design practices of breakwaters were based on hydraulic model
tests and empirical formula. Most reliable and quantitative data, on effect of submerged
breakwater on wave action, were those obtained in laboratory model studies. Because of the
complexity of the problem, theoretical development is over simplified and therefore, greater
reliance should be placed on lab and field (Khader and Rai 1980). Very few numetical
techniques have been developed recently to check the stability of these structures (Kudale and
Dattatri 1994 and Van Gent and Vis 1994). Very recently software such as HISWA, SWAN,
EMS and MIKE21 and BREAKWAT.3 have been developed and is used for designing
different types of breakwaters (Delft Hydraulics 2001, Nagendra Kumar 2001 and Mai et al.
1999), Many researchers have developed mathematical modeling to compute wave
transmission at submerged breakwater using conservation of mass and momentum equations
(Kobayashi and Wurjanto 1989). Sollit and Cross (1970) and Madsen and White (1976)
developed a theory to predict wave reflection and transmission at permeable breakwaters,
Mani et al. (1991) and Rambabu and Mani (2001 and 2002) also developed theories to predict
transoiission coefficients for the submerged breakwaters. Though numerical models have
been developed as a design tool for many types of breakwaters after 1990, the necessity of
physical model study has not diminished. They are still used to validate numerical models and
are used when parameters involv_ed are complicated or it is not possible to accuraicly

represent them mathematically or to calibrate the parameters. Physical model studies are the
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only way out when the geometry of the structure to be tested is unusual and parameters
involved interact in complex patterns (Chakrabarthi 1996 and Mai et al. 1999).

Physical models are a close representation of reality in which a prototype system is duplicated
as clogely as possible in a (generally) smalier scale. The purpose of the model is to
approximate and anticipate the prototype behaviour through cettain prescﬁbed modeling laws.
There are many modeling appreaches that are followed in the study of the natural systems.
The most imporiant of these are physical models and mathematical models. The physical
model provides insight into a physical phenomenon which is not fully understood
(Chakrabarthi 1996). '

Model tests have been considered as 2 powerful tool in breakwater design. In Italy, where, the
design of breakwaters and other structures at sea is being increasingly inﬂuenéed by nature
conservation, peoples’ recreation and sporting activities (Franco 2001). This calls for
innovative shapes or structures with aesthetical advantages and conventional construction
materials. In all these situations model study is the only design tool. Even in cases where
mathematical modeling is possible, many researchers opine that to have a feel of the whole
situation and confirm the observations made it is always better to supplement mathematical

modeling with physical model study (Pilarczyk and Zeidler 1996).

Model results are normally transferred to prototype by applying Froude’s model law.
However, the extent of scale and model effects, involved when the Froudc’é model law is
applied, has not been fully resolved. By comparing a number of known. breakwater damages
with associated model investigations, (Hudson 1975) as quoted by Torum et al (1979}
considered that hydraulic scale models can be used to determine stability of rubble mound
breakwater and that accuracy of model results will be within the limits required to design safe

and economical full scale structures, if, models are designed and operated correctly and if test

~ conditions are selected judiciously.

The scale effects and uncertainty are the two major issues those decide the reliability of the
model studies. To reduce scale effects the model should be as large as possible (Hughes
1993}, so that the Reynold number of flow is high and flow is turbulent (Quellet 1970). And

to minimize uncertainty the experiment has to be propetly planned, expetimental procedures
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and extrapolation methods should be standardized and sources of errors and magnitude of
errors have to be minimized (Mishra 2001). Standardized procedures techniques used in
model tests enable the comparison of test results of different labs (Zwambotn 1979).

This chapter explains the importance of dimensional analysis and need for planning the
experiment, discusses model scale selection, limitations of model testing, scale effects and

uncertainty. It also describes the standard test procedure of testing of breakwater models.

3.2 DIMENSIONAL ANALYSIS

Dimensional analysis is a rational procedure for combining physical variables in to
dimensionless products, thereby redncing the number of variables those need to be considered
(Hughes 1993}, Dimensional analysis, a method by which we deduce information zbout a
phenomenon, can be described by a dimensionally correct equation among certain variables.
The generallty of the method is both its strength and its weakness. With little effort, a partial
solution to nearly any problem is obtained. On the other hand, a complete solution is not
obtained, not is the inner mechanism of a phenomenon revealed by dimensional reasoning

alone.

In itself, dimensional analysis gives qualitative rather than quantitative relationships, but
when combined with expenmental procedures it may be made to supply quantitative results
and accurate prediction equations. Dimensional analysis is for poor substitute for theory,
which is able to group successfully a few experimental variables when the phenomenon is too
complex to resort to a more theoretical approach. In the study of extremely complex problems
with theoretical difficulties, dimensional analysis may be the only possible approach to
classify experimental results. Hudson et al. (1979) as quoted by Hughes (1993) put it nicely
when they said that the best method for solving coastal problems is by direct solution of the
growing differential equations. However, when this is not possible, which is often the case;
the method of dimensional analysis can be used to great advantage. The advantages of
dimensional analysis are:

1. Forming dimensionless producis reduces the number of variables that must be

investigated, either experimentally, numerically or via field measurements.
2. Dimensionless graphs provide much more information than when dimensions are

included because it is possible to cover a wider range of the parameters.
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3. Points on dimensionless graphs can frequently be determined using models scaled in
such a way that the dimensionless products are preserved at reduced scale.

4. Dimensionless products allow tests to be planned and experimental results to be
presented in a condensed and systematic manner.

5. Dimensionless products can be used as the basis for scale model design and |

interpretation of results.

The dimensional analysis is an important tool correlating a particular trait of a model and
other independent parameters which influence the trait. The particular trait may be influenced
by a large number of parametérs. Investigating such a large number of variables through
model study is time consuming and laborious task. With the help of dimensional analysis we
can club the different variables to form a non-dimensional PT terms. These PI terms are
helpful in reducing the number of variables and also explaining the pa.rﬁcular trait of the
structure with respect to some familiar terms like Reynolds number, Froude number, relative
depth, wave stegpness parameter relativé width etc.(Carver and Davidson 1982 and Hughes
1993). This trait can then be diagrammatically represented through the graphs depicting its
variation with respect to the PI terms. The following examples indicate the dependence of
performance characteristics of a breakwater and other independent variables.

Ouellet (1972) recognized that wave run up (R,) was a function of structure slope (cot ¢},
wave height (H), wave period (T), water depth (d) and surface roughness (). This relationship
can written as:

1;; = F{H/gT, d/H, ot 0 e/Dusa}.vvrrevren s (3.1)

Hudson (1959) recognized that weight of the breakwater armour (W) is a function of wave

height, specific weight of armour siene ("v), specific weight of sea water (), and stability

‘coefficient Kp. This relationship is expressed as

Ns = H/Dysp = f {Kp, cot &, Ao s (32)
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‘Where,
A is relative mass density of armour which is a function of 7, and Y, Dnso is nominal diameter

1/3
y}‘

Johnson et al. (1951) deduced the transmission coefficient K; of the submerged breakwater as
a function of wave height, wave period, crest width (B), height of the structure (h) and water

of the armour given by

depth. This can be written as:
K.=f{H T B hd OR
= f{H/L, B/L, B, d/L} . i U UITOTIUPPS (3.3)

3.3 PHYSICAL MODEL LAWS

Modeling laws relate the behaviour of a prototype to that of a scaled model in a prescribed
manner. The problem in scaling is to derive an appropriate law that accurately describes this
similarity, A parametric approach of relating the model properties is used when little is known

about the governing equations of the system (Chakrabarti 1996).

Hydrodynamic scaling laws are derived from the ratio of forces commonly encountered in a
hydrodynamic model test. Generally wave siructure interaction problems involve Froude
Numbert (F, = V/+{gL)) and Reynold Number (R, = Vd/u). Over ninety percent of the coastal
engineeting problems are scaled according to Froude’s Law (Hughes 1993 and Chakrabarti
1996). R, is also important in many cases. However, Reynold’s similarity is quite difficult, if
not impossible to achieve in a small scale model, Froude’s Law is the accepted method of
modelmg in hydrodynamics. Bxperiments have shown that the flow characteristics are most
iikely to be laminar for a critical Re less than 1x10°, whereas, it is turbulent for R, greatcr
than 1x10°. But many researchers have stated smaller R; of 3x10° to 3x10* for maintaining
turbulent flow in the model (Owen and Briggs 1986 and Hughes 1993). Boundary layer can
be made turbulent by introducing roughness on the model surface which trips the laminar
flow. Once the flow region is turbulent, the drag effect is weakly dependent upon Reynolds
nuniber (Chakrabarti 1996).

3.3.1 Classification of models _

Coastal engineers commonly employ two fundamental types of physical models: fixed bed

models to study hydrodynamic phenomena in the coastal regime and movable bed models to
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study effects of water motion on deposition and transport of sediment. Only fixed bed models

are discussed here.

Hydrodynamics involves waves and currents. Wave motions can be separated into two logical
divisions: short waves which have wave periods in nature from 1sec to 20sec and long waves
which can have wave periods in nature between few minutes and several hours. The division
of waves, into two types by petiod, is well suited to modeling, because, in each case certain
terms in the governing equations are dominant while other terms are less important. This
simplifies model scaling requirements to better fit the assumption that dynamic similarity is
achieved by a balance between only two dominant forces. Only short wave models will be

discussed here.

3.3.1.1 Short wave models
They are used to study wind waves and swell effects on coastal structures, beaches and
navigation. The following are a few problems those can be siudied in a shortwave fixed bed
physical model (Hughes 1993):
1. Wave transformzitions like shoaling, diffraction, refraction, breaking, wave force on
structures, reflection, transmission, wave run up and overtopping. )
7 Determination of most economical breakwater and/or jetty configurations that will
provide wave protection. |
Quantification of wave heights that penetrate into harbour.
4. Evaluation of proposed design medifications which could significantly reduce
construction costs and still provide adequate harbour protection.

5. Development of qualitative information on effects of structures on the littoral

Processes.

Anytime one or more of the established similitude criteria are not satisfied in a model, the
model is referred to as a disiorted model. In an undistorted model, all dimensionless P1 terms
determined from important independent variables of the problem, must be the same in the
model and p'rototype For fluid flow problems of interest to engineers, similitude of all
dimensionless PI terms is impossible. Even when considering only the Froude and Reynold
criteria, hydraulic models conducted at reduced scale most likely will not satisfy both criteria

simuitaneously. Therefore, in a strict sense, practically all hydraulic models are distorted.
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However, hydraulic model engineers have chosen to relax the definition for model distortion
by writing the term distortion to consideration of only geometric similitude i.e. models that
maintain geometric similitude are referred to as undisterted models (Hughes 1993). In these
models the vertical and horizontal scales are the same, and they represent the true geometric
reproduction (usually a miniature version) of the prototype. Examination of similitude
requirements resulting form the fluid equation of motion reveals that, flow patterns and
velocity distributions in short wave models are essentially governed by inertia and gravity

effects and model must be geometrically undistorted.

Shortwave models are considered to be non-dissipative or fully turbulent. In other words, the
scaling of these models assumes that waves experience negligible energy loss due to friction
and surface tension effects prior to wave breaking and the models can have highly turbulent
flow and energy dissipation over a. relatively short distance such as during wave breaking. In
reality, there will always be a small ambunt of wave attenuation due to viscosity and sﬁrface
tension, but these can be minimized to the point that they are insignificant. Reynold’s
similitude is seldom invoked for most coastal processes or harbour models, instead it is
recognized that gravity forces predominate in free surface flows discounting the viscous

forces and consequently most models are designed using Froude’s criteria (Hughes 1993).

3.4 LABORATORY AND SCALE EFFECTS IN SHORT WAVE MODEL
Laboratory effects and scale effects are the two most important factors affecting scale model

results (Hughes 1993).

3.4.1 Laboratory effects
Laboratory effects in short wave models are primarily related to
1. Physical constraints of boundaries on the flow.
2. Unintentional nonlinear effects brought by using mechanical means of wave.
3. Simplification of prototype forcing conditions such as representing prototype wave

conditions as unidirectional.

A not so obvious boundary effect is caused by reflection of waves by the wave board. Waves
are generated and propagate down the flume until they reach the structure on the far end.

Some wave energy is reflected secaward (toward the board), just as happens in nature.
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However, in nature the reflected wave continue out into ocean, whereas in flume, they are
again reflected back toward the beach. This can be dealt with in a number of ways (Hughes
1993).

1. Bxperiments arc conducted as a series of wave bursts, with each burst of waves
ending before re-reflected waves can again reach the testing section of the wave
flume. _

2. Active wave absorption is implemented at the wave board to detect and absorb
unwanted reflected wave energy.

3. Energy dissipating beaches.

3.4.2 Scale effects

Scale effects in short wave models result from scaling assumption that gravity is the dominant
physical force balancing the inertial forces i.e. Froude scaling. This incorrectly scales other
physical forces of viscosity, elasticity, surface tension etc, with the belief that these forces

contribute little to the physical processes.

Tu the models scaled according to Froude ctiterion, the non-similitude of viscous and surface
tension forces can lead to scale effects involving wave transformations, wave eDErgy

dissipation and wave breaking.

Bruun (1970) as quoted by Hughes (1993) concluded that the reason for scale effects in small-
scale tests could be that the downward velocities tend to be relatively higher. This might be
due to the friction against flow and permeability of stone layer resulting in less interchange of
water between uptush and water in mound. Also the scale effects are caused due to change in
permeability, type of placing and degree of compaction achieved between the model and
prototype. The scale effects are. also because of the dcviatioh_in sea state produced in the
model compared to the prevailing sea state of prototype. Rubble mound structure models must
have turbulent flow conditions through out the primary armour layer. This is ensured when

model is construcied at a large enough scale which then will be reasonably satisfy similarity

of armour layer Reynolds qumber. To reduce the surface roughness of the armour in model

and match it with that of prototype, technique of painting of model armour is used.
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QOullet (1970) writes that the flow in under layer if not turbulent, use of regular instead of

irregular waves, sidewall effects of flume etc., may contribute to scale effects.

Thompsen et al. (1972) showed that for R < 3.0 x 10°, the armour stability increased with the
increase of Re. The zéro damage stability number obtained for the small scale models must be
increased to 20 to 70%, depending on model Reynolds number so that the test results are on

the safe side for the range of Reynolds number usually encountered.

The reflection coefficients for rip rap in the model are higher than experienced at full scale
(Le Mehaute 1976) because, the flow through rip rap is influenced by viscous effects in the
model and consequently the structure behaves as if it is less porous than prototype. This is
corrected in the model by increasing the size of rip rap using larger scales. The larger scale
assures that the flow into the structure is fully turbulent like in prototype. Froude criteria do
not correctly simulate the viscous and frictional effects because Reynold number is different
between the prototype and the model and waves are attenuated due to internal friction and by
bottom boundary layer friction arising out of viscosity of the water. However, this is ﬁsually
not very important over short distances modeled in short wave models (Le Mehaute 1976).
Over short distances, internal friction is minimal and viscous dissipation effects in non-

breaking waves are limited to the thin boundary layer.

The process of wave breaking on a coastal structure is important to coastal engineering
physical models and it is important that wave breaking in the model produces the same
hydrodynamic response as in prototype in breaking waves; entrained air bubbles are large in
the model due to surface tension. Le Mehaute (1976) stated that the process of energy
dissipation during wave breaking will be in similitude even if the finer details of the flow

process are different.

Stive (1985) provided experimental. confirmation of Le Mehaute’s concept by conducting
small scale and large scale tests of regular and irregular breaking waves. Tests were scaled
according to the undistorted Froude criterion. He examined measured values of wave heights,
wave setup and the vertical profiles of maximum seaward and shoreward and time mean
horizontal water velocities. Stive’s i'esults indicated that there was no significant departure

from Froude scaling in a wave height range of 0.1m to 1.5m with regard to the parameters
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measured. This result proved that observed difference in air entrainment between model and
prototypes have no significant dynamic influence, which is similar to the observation of Le
Mehaute (1976) that as the wave break on armour units in a physical model, the flow Is
turbulent so it is expected that pressure produced in the model are in similitude with the

prototype.

Scale model experiments usually are conducted using fresh water. If the prototype condition
is salt water, there is about a 3% difference in density and this changes wave force
accordingly. This effect conld cause as much as 10% to 15% error in breakwater staBility
studies (Le Mehaute 1976). Sharp and Khader (1984) as quoted by Hughes (1993) conducied
1:10 scale model tests where fresh waier in the model represented salt water protoiype. This
particular example indicated that Hudson scaling called for model armour units about 8%
lighter than suggested by Sharp and Khader’s method. This means that scaling by Hudson
stability parameter (i.¢. keeping the same stability number between prototype and model) will
produce more conservative designs for stable rubble mound structures becanse the lighter

model armour units are mote easily moved by waves.

Surface roughness of armour units in model may be large enough which may show higher
stability than its prototype equivalent where surface roughness is negligible. This may give
rise to friction scale effect. It can be reduced by painting the armour stones with enamel paints

which provides a smoother surface (Hughes 1993).

3.5 SELECTION OF SCALE FOR THE MODEL
The best model is the prototype. But the limitations of the lab, most of the times, do not
permit testing of a prototype. The choice of scale, for the model test, is often limited by
constraints put by expetimental facilities available. Within this constraiut, an optimum scale
should be selected by compating the economies of the scale model with that of the experiment
(Hughes 1993 and Chakrabarti 1996). As the general rule, the model should be as large as
possible. This is advantageous on several counts.
| 1. Large models require hi ¢h waves to be generated. This makes the flow turbulént
whose Reynold number is high and viscosity effects can be conveniently neglected.
2. Large models are easily and accurately constructed to the dimensions derived from

model law
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3, The performance characteristics such as wave transmission, run up, run down,
. preakwater damage etc will be large enough to be measured accurately.
Instrumentation for measurements will be generally available

Observations of the model performance also can be easily recorded.

Researcher feels better of the whole situation

AN

Seale effects will be minimal.

The disadvantages of large model are:
1. Model construction is costly.
2. Test duration increases.
3. Large iaboratory space is required.
4

. Larger resources are required.

Hughes (1993) quotes Hudson and Jackson (1953) in which it was demonstrated that

prototype damage of Qan Pedro breakwater could be reasonably reproduced at scales of 1:30,
1:45 and 1:60. ' '

Diephuis (1957) tested small scale glass models of tall and wide breakwaters. He found that
considerable scale effects existed in transmission of energy for a wave breaking over the
submerged breakwater. For same F/L, and Hy/Lo, transmifted wave energy for higher petiod
(i.e. 0.55 sec) was 3 to 4 times that of shorter period (i.e. 0.31sec). Decrease in wave does not
remain constant for waves having same steepness but different periods. He concluded that it
was impossible to obtain absolute quantitative data from small models because the side effects

impose too many limitations.

Many scientists and investigators have adoptedirecommended different scales for testing
breakwater models in the lab. Dai and Kame! (1969) as quoted by Hughes (1993) combined a
ceries of small scale tests with large scale test data to investigate the viscous scale effect in
terms of flow Reynold number for smooth and rough quarry stone. They presented the resulis
in terms of a graph of stability number (Ng) versus Reynold number (R.). They found that,
similarity of Ns was obtained for Re> 3x10%.
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Oulett (1970 and 1972) writes that, if flow in under layer is pot turbulent, use of regulér

waves instead of irregular waves, sidewall effects etc., may contribute to scale effects.

Treloar and Brebner (1970) studied wave energy losses due to interference of bottom and side
walls separately with wave propagation in a flume. They conducted nine experiments to
reduce experimental errors with wave periods ranging from 0.91sec to 1.21sec in water depths
varying from 0.1m to 0.254m. The selection of these value ensured that L/d ratio would be
between 0 and 10 for deep water waves to cnoidal waves. Maximum steepness was 0.05 and

the boundary layer was laminar i.e. Reynold number was less than 160.

According to Hudson (1975) as quoted by US Army Corps of Engineers (1984), the scale
effects will be negligible if R, > 3x10°. Hudson (1979) as quoted by Hughes (1993) writes
that for the flow in armour of the breakwater to be turbulent if R, > 3x10*. Thomsen et al.
(1972) write that, the model tests with R, > 3x10° will avoid scale effects.

The breakwater, to protect the proposed mﬁway of Honolulu International Airport, was tested
with a model scale of 1:5, 1:35 and 1:45. All these tests showed similar results (Palmer and
Walker 1976). |

It is known that drag forces are an important mechanism for retarding run up, dissipating
energy and loading armour units so that, in general R, cannot be neglected in breakwater
modeling. Since, drag coefficient increases at low Rg; small scale models produce high drag
forces, less Tun up, less stable condition and less reflection. Therefore, exirapolating stnall
model results to prototype scale could yield uneconomical over designed armour and an under
designed crest élevation (Sollitt and Debok 1976). They conducted physical model tests on
placed stone breakwaters constructed to a scale of 1:10, 1:20 and 1:100. They concluded thaf,
the behavior of breakwater of scales 1:10 and 1:20 were almost similar to that of prototype.
Whereas, the breakwater with scale 1:100 underestimate run up by approximately 20%
overestimates run down by approximately 40%, reduces reflection by 10% and stability
reduction is up to 40% compared to large scaie models. At small models, drag coefficients
increase at low R, and therefore, drag forces will be relatively high, run up and reflection is

less and stability is underestimated.
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Johnson et al (1978) adopted a scale of 1:34.3 for a breakwater model constructed with

dollosse armour.

Based on past successes, Hudson et al. (1979) as quoted by Hughes (1993), suggested that the
approximate length scale range for rubble mound stability tests is between 1:5 and 1.70. The
majority of tests conducted by Hudson at US Army Corps of Engineers, Waierways
Experiment Station, Washington D. C., were in the model scales ranging between 1:40 and
1:50.

There is a need for detailed model tests for optimum breakwater design with sufficient repeat
runs to increase reliability of tests (Zwamborn 1979). Standard test procedures/techniques
should be used so as to reduce the errors and allow comparison of test results of different labs
(Ouellet 1970 and Zwamborn 1979). Presentation of results also should be standardized
(Oullet, 1970). Model test results are normally transferred to the prototype by applying
Proude’s law. However, the extent of scale and model effects involved have not been fully
resolved (Torum et al. 1979). The interpretation of results, for giveﬁ test conditions, should

not be evaluated without considering the possible scale effects (Oullet 1970).

Torum et al (1979) to study scale effects, constructed a 1:8C scale model of breakwater at
Bilbao Harbour, Spain which is 2.4Km long with 1:1.5 sea side slope standing in a water
depth of 35m. The armour was 65Ton concrete blocks with priority of 40% to 45% placed
i)ell mell type. They subjected the model to the storm conditions of 1% to 4™ Dec 1976 which
had damaged the prototype breakwater. They found that though model damage was
comparable with that of the prototype damage, no damage in the model was greater than that
of the prototype. This indicates that, scale or model effects if any, do not necessarily give

conservative results.

Jensen and Klinting (1983) as quoted by Hughes (1993) found a lower value for critical R of
6x10°. This value was supported by Jensen himself later, who cited a successful model
reproduction of an actual failure where good quality wave data were available. In the model,
R, for armour layer was 4x10* and R, for quarry run material was 5x10°. Authors also

concluded that, the lower critical Reynold number remains uncertain, but it is likely to be
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lower than the value of 3x10* as given by Dai and Kannel (1969) and quoted by Hughes
(1993), '

Baird and Hall (1984) write about the advantages of berm breakwater over conventional
designs. They also mention about models constructed with scales of 1:30 and 1:50 which were

tested for uregular waves.

Qumeraci (1984) as mentioned by Hughes (1993) stated that rubble mound structure models
have linear scales ranging between 1:10 and 1:80, with 1:50 being the most common.
However, Jensen and Klinting (1983) as quoted by Hughes (1993) give a somewhat larger
scale of 1:30 as being the most common scale for rubble mound breakwaters whereas, Hughes

(1993) gives typical scale range for laboratory tests on breakwater stability as 1:30 to 1:50.

When models test results are published through dimensionless formulae and diagrams —

otherwise very desirable — it is absolutely necessary to mention the real dimensions.

The errors in extrapolation of model results to prototype may be due to
1. Scatter and inaccuracies of original data

2. Considerable extrapolation outside the available period of observations.

This results in a large confidence band around extrapolated functions and gives standard
deviations in the order of 10% to 15% of average value (Mol et al, 1984).

Timeo et al. (1934) investigated the effect of permeability of core on hydraulic and structural
stability of breakwater through models scaled with 1:15 and 1:40 with R, of 4x10° to 8x10°
for permeablefopen core and 0.2x10° to 2x10° for regular core. They found that for regular
core, the damage inflicted on the breakwaters of scale 1:40 was similar to that of breakwater
of scale 1:15. They found model scale and permeability of core has significant effect on
stability of breakwater. So they concluded maintaining a Re (> 10°) will not guarantee against
negative effects of viscosity on breakwater model test as a single value of R, cannot represent
the complex and unsteady flow which oceurs in prototype and also permeability of prototype
core .is difficult fo predict. Therefore, viscous flow in core should be scaled as correctly as

possible. This makes the mode! tests more reliable. Other factors which contribute to scale
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effects are flow in under layer (if not furbulent or if they are not modeled to scale), regular or
irregular waves, sidewall effects of the flume etc (Oullet 1970). Perhaps the most important
sale effect associated with physical models of rubble mound breakwater are the viscous forces
associated with the flow through the under layers and core of the structure, At typical scales
employed for rubble mound stability models, viscous scale effects are not a problem in the
primary and often secondary armour layer because the Reynold numbers of flow in these
layers are sufficiently large enough to ensure fully turbulent flows. However, in some under
layers and core materials, there is a possibility that the Reynold number of flow may fall

below that value considered critical for avoiding scale effects.

To minimize scale effects and generate high Reynold number (greater than 3x104), rubble
mound structures are generally tested in the scales varying between 1:25 and 1:40. Such tests
catried out for about an hour in the model correspond to about half the tidal cycle (Gadre et al.

1985a).

For many years, it has been considered that no modeling errors will arise as long as armour
unit, Reynold number is greater than 3%10%, However, Owen and Briggs (.1986)' write that the
model studies conducted with different scales and comparison with recorded damage suggest
that Reynold number can be as low as 8x10° or even 3x10° before any significant errors rise.
Gadre et al. (1987) conducted experiments on base of sand filled rubberized coir bags in
coastal protection works. Authors conducted experiments to a scale of 1:5 to negate the scale
effect whereas, the usual scales of experiments are 1:15 to 1:40.

Extensive model tests of armour stability, using irregular waves were taken up by Van der
Meer (1988), exhibited no good correspondence between the large and small scale for R, >

4x10* without any viscous scale effects. This was the smallest R, used in his tests.

Bruun (1985) as quoted by Losada (1991) writes that, generally it is accepted that, scale

effects are avoided if model scale is larger than 1:60.

For evolving stability criteria of submerged breakwater, Gadre et al.(1992) tested 1:20 scale
models constructed using Froude’s law. They inferred that with model scales of 1:10 to 1:40,
effects of viscous forces can be made insigliﬁcant and also when Reynold number was more

than 3x10% the model would have negligible scale effects.
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Generally, flows with Reynold number above 1x10% are turbulent where;, viscous forces

become independent of the Reynold number (Hu ghes 1993).

A study of Delft Hydraulics Laboratory where a 1:61 scale physical model of the final repair
to the Arzew breakwater tested, produced same results as 2 1:11 large scale model (Hughes,
1993).

Mol et al. (1983) discuss testing of modeis of Sines Breakwater at scales of 1:85, 1:78 and
1:12 which produced the same stability results where the Re > 3x10".

Poonawala et al.(1994) conducted physical model studies to investigate the influence of sea
bed slope stability of armour layer. They built breakwater models of uniform slope of 1V:2H
with a scale of 1:35 on a sea bed of 1:50 and 1:500. |

Selection of scale for rubble mound breakwater models involves a compromise between the
desire to model it as large as possible to avoid potential scale effects and the economics of
conducting tests at smaller scales. The range of length scales is dependent on wave flume and

wave generation capability.
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3.6 LIMITATIONS OF PHYSICAL MODELING

It is now generally accepted that physical modeling can be used as a powerful tool in the
process of breakwater design, both for optimizing the layout and height of the breakwater and
also to check the stability and sensitivity to damage in the finished state and during
construction. However, the results obtained from modeling studies are limited by the quality
of inpﬁt data, by technical limitations of the physics of modeling and by the time and money
available. When considering the performance and stability of rubble mound breakwaters, the
exact importance of many parameters of breakwater itself, and of the environmental forces to
which it will be subjected are incompletely understood despite many years of extensive
research. In this situation it is important that every model should reproduce, as closely as
possible, all details of breakwater construction and of environmental factors (Owen and

Briggs 1986).

3.6.1 Wave climate

A full description of environment of breakwaters includes a definition of winds, waves,
currents, water levels, sediment transport, sea bed topography and composition. Of these
wave climate is usually by far the most important. In nature, a wave striking a submerged
barrier will result in some of its energy being reflected offshore where it is ultimately
dissipated by wind and internal stresses. In the lab, reflected waves strike the wave paddle and
are almost totally reflected. This may go on and on. The net result is a wave system which
differs considerably from simple model in the nature 1.e. assuming mono-pericdic waves

could occur in nature (Dick and Brebner 1968),

It is essential to use same degree of wave grouping in the lab as actually observed in nature
(Johmson et al. 1978). Simulating realistic sea states in lab and accurately modeling the
mechanical propertiés of armour will predict the damage accurately (Timco and Mansard
1982 and Zwambom 1979). But this is extremely difficult and costly. Collection of wave data
is done for a minimum peﬁod of twelve months for reasonable statistical analysis. Limited
size of wave data leads to higher statistical uncertainties (Vaidya 1989). In practice, all the -
breakwater modeling is carried out with random wnidirectional waves as multi-directional sea
wave generation facility is costly, complex and is not justified for breakwater testing. This
may be reasonable for breakwater on shallow water where waves have only a narrow spread

of direction. However, breakwater In deep water needs multi directional wave testing.
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However good the available data be, there is always some doubt and considerable uncertainty
about wave conditions during storm attack (Owen and Briggs 1986). Difficulty in accurately
measuring wave characteristics in lab, errors in instrumentation etc., can lead to serious errors

in the results (Misra 2001).

3.6.2 Modes of failure
Under normal wave conditions, the performance of the breakwater is characterized by wave
run up/run down, wave transmission, reflection and over topping. These are easily measured
in the model. Under extreme events such as storms, the breakwater may become additionally
damaged in the following modes:
I. Fracture of individual armour units.
Displacement of armour -
Erosion of under layer damage.

2

3 .

4. Stripping of back face due to excessive overtopping,

5. Fluidization of armour layer, giving sliding down slope.
6

Slumping of rubble mound.

For testing the damage of breakwaters, as many tests as possible should be considerad for
different armour placements, packing densities etc (Owen and Briggs 1986). However, this is
costly and time consuming. In order to reproduce as many possible of these mechanisms as
possible and also to measure the normal operating performance, the breakwater is usually
modeled with strict geometric scales, i.e. all the relevant dimensions of breakwater like cross
section, the size, shape of armour units, size and shape of rock, water depth etc are correctly
scaled. Since breakwaters resistance to damage depends upon gravitational forces, the specific
gravity of all breakwater materials is also reproduced accurately. Care is also taken to match
model consiruction techniques with those employed in prototype breakwater so that model
armour units are no better or no worse than the real thing. For artificial units, model armour
unité are proposed such that their fracture is not the mode of damage. For these models, shape,
size, specific gravity and surface texture is sufficient. Other limitations are lab effects, scale
effects, effects due to using fresh water instead of salt water. This causes the density
difference of 3% and leads to an accuracy up to 15% i stability of the model (Le Mehaute
1976). Most aspects of behaviour of breakwater depend upon to a greater or lesser extent on

the flow of water through, into or out of the armour and under layer. The breakwater porosity
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is usually specified and reproduced faithfully in the model however, permeability depends
upon R, of flow through voids. In the prototype, this flow is turbulent, but, in the model, R is
reduced considerably and the flow may not bé turbulent especially in under layers and core. In
a scale model the permeability, therefore, is difficult to simulate/maintain correctly at all
locations with in the breakwater and at all wave conditions. Similar arguments will also apply
to lift and drag forces on the armour unit which depends upon R, (Owen and Briggs 1986). In
theory, this possible source of error can only be eliminated if the model scale is sufficiently

large so that, the model flows are fully turbulent at all stages.

3.6.3 Practical limitations

The results from physical models can only be as good as input data collected prior to design,
which will include sea bed topography, wave climate, tide, current sediment movement efc. In
addition designer should also consider quarry condition, maximum size of stones processed,
sité' accessibility. Other limitations are {ime, cost of model study, pressure from various

quarters such as environmentalists, political level etc (Owen and Briggs 1986).

3.7 UNCERTAINTY IN EXPERIMENTATION

The hydrodynamic test facilities differ from one another with regard to facilities,
instrumentation, experimental procedures and scale and very often it is observed that
experimental results as well as extrapolated values for full scale obtained from different test
facilities vary considerably in such event, it becomes necessary for a test facility to provide
with possible lower and upper margins, which can be adopted with a fair confidence level.
Such a study for an experimental test procedure in a particular facility is termed as uncertainty
analysis. Uncertainty is an estimate of experimental error. It describes the degree of goodness

of a measurement or experimentally determined result.

In a complicated hydrodynamic test set up like wave flume tests conducted on breakwater
model there can be different error sources e.g wave generation, wave period and wave height
measurements, observing the run up and run down and measurement of breakwater damage.
In each of these measurements error can be introduced and ultimately it may affect the result.
With the help of uncertamnty analysis it is possible to conduct experitents in a scientific

manner and predict the accuracy of the result (Misra 2001)
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3.7.1 Errors in experimentation

The different phases of an experimental procedure include planning, design, construction of
model, observations, measurements, data analysis and report preparation. There is no such
thing as a petfect measurement. All measurements of a variable contain errors. Error in a
measurement is the difference between the true value and the measured or recorded value.

Accuracy is closeness of agreement of a measured value and true value. The degree of

inaccuracy is the error (5).

Uncertainty (U) is estimation of error (8) with certain percentage of confidence. Thus for a
steady variable A, the true value of A lies with in the interval A £ Uy or A=-Up< A<+ U,
Where, A is the mean value of A for N trials or readings and Uj is uncertainty in A.

Each measurement systern that is used to measure the value of iﬁdividual variable A is
influenced by following eITOT SOUICES (Abernethy et al. 1985 and Misra 2001):

1. Model accuracy and scale effect

2. Flow conditions (density, viscosity, temperature, turbulence)

3. Test conditions (test duration, measurement points)

4. Tnstrumentation and data collection (wave generation, recording instrument, it’s

calibration, visval observation and checks})
5. Data analysis (averaging and curve fitting)
6. Extrapolation.

The above error sources can be regrouped into
1. Emor sources those can be removed before the experiment is started.
| 2. Error sources those can be neglected.
'3 Prror whose uncertainty is difficult to evaluate and therefore, error.
themselves should be minimised.

4. Error sources those remain and should be included in uncertainty analysis.

The experiment error soutces should be identified and the error (8) should be determined from
manufacturer’s brochures, from calibration and conducting simple experiments respectively
(Kline 1985). Once this is done it must be ensured that a particular error source behaves in the

same manner throughout the experiment and error does not cross the limits due to any reason.
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Therefore, an expetiment should be carefully planned and conducted. Error estimation should
be made for full experiment. All this can be accomplished through standardizing the

experimental procedures and extrapolation methods and this will ultimately reduce the

uncertainty levels.

372 Uncertainty calculatjons
There is no single way to desctibe uncertainty in measurements and there are many different
situations that demand some what differing description. Whatever may the method used for

calculating uncertainty, but the method used should be reported in some appropriate way
(Kline 1985).

3.7.3 Performance measures
There are several statistical measures that can be used to assess goodness of fit of a given
model and to compare the performance of a suite of models. These statistical measures are

used as indicators of the extent at which model predictions match observations.

Residual based measures are mean bias (B), the sum of square errors (SSE), mean of square
errors (MSE) and root mean square €rrors (RMSE) provide quantitative estimates of the
deviation of model prediction from the observation . On the other hand, measutes of
statistical association are correlation coefficient (R), the Nash Sutcliffe coefficient of
efficiency (E) and coefficient of determination (D) provide quantitative estimates of the

statistical co-variation between observed and predicted values.

For non-linear models in which the criterion variable Y is pot transformed, the goodness of fit
statistics are valid indicators of the reliability of the model. However, when the criterion
variable is transformed, such as Log(Y) space the goodness of fit statistics are not necessarily
4 reliable indicator model reliability, especially since engineering decisions are made to
predict Y and nbt Log(Y). Therefore, when & model requires a transformation of the criterion
vatiable Y in order to calibrate the coefficients, the goodness of fit statistics that are included

with the multiple regression output should not be used as measurcs of reliability (Billal and
Richard 1997).
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In many cases, scientists use various combinations of measures io test the accuracy of their
models. When comparing different models, RMSE is useful in comparing the expected
magpitude of error corresponding with each model. The correlation coefficient between
observations and prediction, although still widely used is in fact one of the wealkest measures
of model performance (Bisher et al. 1999). It is felt that no singie statistics can adequately
describe the model performance, consequently, using more than one measure is highly
recommended. Yet a large number of measures can be over whelming. Rescarchers must

identify the objective of their comparison before gelecting which performance measures to use
(Bisher et al. 1999).

Mol et al. (1984) write that the estimated statistics for parameters such as aﬂnoux weight 18
based on allowable tolerances in the specifications and on quality of supervision, specified
measurements  method  and expected  quality of workmanship. Standard test
procedures/techniques should be used to ensure reliability and enable comparison of tests
results of different labs but results from physical models can only be as good as input data
collected prior to design (Owen and Briggs 1986) and the response of tubble mound
structures vary widely, even in controlled laboratory conditions. But it must be kept in mind
that various téchniques of error analysis can be utilized to gain insight into the degree of
uncertainty in the empirical design equations and they do not guarantee more reliable
structures (Melby and Miakar 1997).

3.8 OBJECTIVES OF MODEL TESTING
‘Rubble mound breakwaters are widely used through out the world. Economic designs of
stable Tubble mound breakwaters is a difficult problem involving the complex interaction of
waves and structure optimizing a structure often can only achieved by systematic physical
model tests (Hughes 1993). And tests of rubble mound structures are most frequently
conducted for coastal structure models. The purposes of conducting stability model tests of
rubble mound structures could be to: |
1. Bxamine the stability of rubble mound armour layers when exposed to wave attack
at different water levels. Studies can be aimed at verifying specific designs or toward
developing general design guidance on armour S1Z€.

2. Determine hydrodynamic forces exerted.

130

“Studies an Tandem Bretkwater”, INCH, MoWR Sponsored R&D Project, N.LTK, Surathkil — April 2008,




Chapter 3 Developments in Physical Model Testing

3. Optimize the structure type, size, and geometry to meel performance requirements
and budget constraints.

4. Investigate structure characteristics such as wave Tun up, random, overtopping,
reflection, transmission, geometrics and \ or construction methods etc.

5. Develop and/or test fnethods of repairing damage on existing struciures or
improving the performance of an existing structure.

6. Determine the effects of a proposed modification that might have on an existing
structures stability and performance.

7. Examine alternate construction sequences under different wave conditions

Physical model studies directed at any of the above purposes will yield quantitative results
provided the model is correctly scaled and operated and scale effects are determined to be

minor.

Rubble mound structures must be geometrically undistorted in length scale. Flow
hydrodynamics in a tubble mound structure model must conform to Froude criterion. Rubble
mound structure models must have turbulent flow conditions through out the primary layer

i_e. if armour layer Reynold number is large, viscosity effects can be reduced.

3.9 NEED FOR PLANNING AN EXPERIMENT

It is well known that the experimental errors due to any reason propagate and affect the final
outcome. This becomes very important when error affects variables to which test results are
very sensitive. Model experiments in a fhydrodynamic test facility are expensive in terms of
time and money. Therefore, it is neccssary to plan an experiment and this should reduce the
redundancy of experimental work and help to predict the final outcome with certain
confidence level (Misra 2001). Also, while conducting tests of a relatively infrequent nature.
or a body of new geometry, it is necessary to study uﬁcertainty during experimental planning

stage and take adequate precautions. The steps in planning the experiments arc as follows:
1. Asa ﬁrst step in planning an experiment, it is necessary to idt_antify the sources of
errors like wave generation wave measurements i.€. instrumentation, flow conditions

model scale, test condition, data analysis and extrapolation.

131

“Suddies on Tandem Breakwater”, INCH, MoV R Sponsored R&ED Project, NI T.K., Surathkal — April 2008,




Chapter 3 Developments in Physical Model Testing

2. Next, these errors can be classified as error which can be eliminated, errors which
can be reduced, errors which can be neglected and errors those remain should be
acknowledged and included in uncertainty analysis.

3. If errors can’t be ignored, its magnitude should be determined from manufacturers’
calibration data, or from repeated experiments of simplified nature.

4, Use of standardized methods/procedures of model testing and extrapolation redubes
the uncertainties. '

5 Once the errors’ magnitudes are established, it must be ensured that the error sources

~ behave in the same manner throughout the experiment. This may be ensured by
changing/adjusting the experimental procedure and -also instrumentation used.

6. Total error estimate must be made on experiment results as well as full scale

prediction (Oullet 1970 and Misra 2001).

3.10 BREAKWATER MODEL TESTING

3.30.1 Model design | | |
Laboratory model of rubble mound breakwater is scaled according to Froude’s Law. This
linear scale of the model is usually the largest possible given the restrictions imposed by the
flume dimensions and wave generating capacity. The wave data is analyzed and design wave

characteristics and water depth are decided and reduced to model scale.

The philosophy of design of rubble mound breakwaer is that, the structure should remain
intact and function effectively for the voids of primary armout layer, should be large enough
to ensure efficient dissipation of incident wave energy but should be small enough to prevent
the removal of stones from secondary layer through these voids. The filtering effect thus

achieved in a multilayered structure determines the stability of the structure.

Using the design wave height in Hudson formula, the weight of rock armour (primary layer)
unit is calculated. Once the primary armout weight W is evaluated, weight of the secondary
armour unit and core is fixed according to the guidelines e.g. secondary armour units is W/10
and core is w/100 to w/6000 (Hudson 1959 and Gadre et al. 1985). The armour sizes thus
calculated antomatically ensure the safety against leaching out of core and secondary, The

size digtribution of the armour is determined in terms of weight. The armout stones are
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carefully hand picked so that they are roughly cubical shape. The weight of the stones ranged
from 0.75W to 1.25W with 75% of the stones weighing W and above.

By comparing a number of known prototype breakwater damages with associated model
investigations, Hudson (1975) as quoted by Torum et al. (1979) considers that hydraulic scale
model can be used to determine stability of rubble mound breakwater and that, accuracy of
results will be with in the Jimits required, to design safe and economical full scale structures,
if models are designed and operated correctly and test conditions are selected judiciously.
Therefore, xﬁodel design, construction and testing should be planned and executed properly
using proven and accepted techniques/procedures which can be standardized and repeated
aceurately (Oullet 1970 and Zwamborn 1979). The safety of structure must be determined by
using conditions well In excess of design wave conditions because more often than not, these

have a very low degree of reliability (Zwamborn 1979).

3.10.2 Scale model construction

Having computed the weights of primary armour, secondary armour and core materials, the
model construction is then started with the placing of core at required slope. The core material
is placed, on the flume bed, layer by layer, watered and lightly compacted by hand. Pipes are
placed below the breakwater test section to balance the water levels on seaside and leeside
(Diskin et al. 1970). The mound is completed to the desired slope. Then, secondary armour
layer of designed weight and thickness is placed which is constructed again layer by layer. |
Each of these layers is also lightly compacted with hand. Lastly the primary armour stones are
placed carefully by hand (Hudson 1959). Placing technique is important during initial damage
(Font 1970). Also type of armour is a major variable and important factor as the weight of
armour. The weight of loosely placed stone may be twice that of a well placed stone and

keyed and fitted armour is several times more stable than loosely placed armout (Palmer and

~ Walker 1976).

133

“Smatfies un Tandem Breakwater”, INGH, MoWR Sponsored R&D Project, N1 T.K,, Surathlnl - April 2008,




Chapter 3 Developments in Physical Model Testing

3.10.3 Test procedure

The common procedure adopted for stability tests of breakwater model sections (Alirens 1970
and Palmer and Walker 1976) are as following: .

1.

Zwamb
1.

Initially calibration of flume and wave generation facility are undertaken to
determine the proper wave height assigned to a particular combination of generator
stroke and wave period, The wave heights used in the test runs should be obtained
during calibration. This will exclude the losses due fo interference of flume bed and
cidewalls and influence of reflection and therefore eliminates error sources.

Wave heights are measured at 1.5m on seaward of the breakwater

. ‘Wave heights are measured before reflections from the structure set up a standing

wave.
Waves are run in short bursts during the tests so that generator would be shut off just

before wave energy reflected from the slope could reach generator blade.

_ Between wave bursts there are brief interludes to allow reflected wave energy to

dampen out. \
Tests are started by swveying newly constructed slope, with profiler system, which
becomes reference survey for comparison of subsequent surveys.

The height of first waves would be normally smaller (about 30% Jower) than those
waves which could dislodge the armour and gradually increase the wave height by
about 10%.

Waves are Tun, in bursts on the embankment until it appeared that no further stones
would be moved by waves of this height and often over 1500 waves would be run
before the slope was considered stable.

Failure for these tests is defined as having occurred when enough armour stones are
displaced so that filter layer is exposed to wave action and core material is actually

being removed through the filter (i.e. secondary) layer.

orn (1979) while analyzing the faiture of Sines breakwater writes that:

Detailed model tests with sufficient repeat runs to increase rehab1]1ty of tesis are
necessary.
Realistic wave conditions must be reproduced, particularly with the deep water

structure.
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3. Safety of structure must be determined by using conditions well in excess of design
wave condition, because, more often than not, these have a very low degtee of
reliability.

4. Standard test procedures/techniques should be used to minimize etrors and enable

comparison of test results of different labs.

Van der Meer and Pilarczyk (1984) opines that breakwater armour slope would stabilize after
about 1000 to 2000 regular monochromatic waves break on the structure, Hegde (1996) found
that test should continue till the secondary layer is exposed (i.e. failure of breakwater section)
or 3000 waves whichever is carlier. He found that at about 3000 waves about 80% to 90%
damé.ge would have already been inflicted.

Losada (1991) quoting Hudson and Kuelegan (1979) gives the following factors those present
in model design and operation which influence the accuracy of model test rosults:
1. Type of wave generator and distance between generator and model.
2 Distance between test structure and wave absorber used in shoreward end of the
wave flume.
Reflection coefficient of the wave. absorber.
Type, magnitode and duration of attack of test waves.
Still water level (SWL) for testing.
Computation of damage of the test section.

Accuracy of measurements of wave characteristics.

o = S W B

Other conditions depending upon prototype data, expetience of similar model tests

previously conducted.

3.10.4 Data interpretation
After considering small scale tests of wave breaking over glass models of submerged barriers,
Diephuis (1957) observed that:
1. Considerable scale effect exists in transmission of energy for a wave breaking on
submerged barrier.
2. Small scale model tests due to scale effects impose (00 many litnitations and it is

impossible to obtain absolute quantitative data.
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3. When results of models are published, even if this is done in dimensionless formulae
and diagrams-otherwise very desirable it is necessary to mention the real

dimensions.

Mode! results are normally transferred to prototype by applying Froude’s model law.
However, the extent of scale and model effects, involved when the Froude's model law is
applied, has not been fully resolved. By comparing a number of known breakwater damages
with associated model investigations, (Hudson 1975) as quoted by Torum et al (1979),
considered that hydraulic scale models can be ased to determine stability of rubble mound
breakwater and that accuracy of model results will be within the limits required to design safe
and economical full scale structures, if, models are designed and operated correctly and if test

conditions are selected judiciously.

Fuhrboter et al. (1976) comparing the results of 1:10 scale model tests with that of field
investigations, comment that, impact forces can’t be reproduced in magnitude and transported
quantitatively for prototype conditions due to diffefent air entrainment in dependence of
absolute magnitude of wave height. On the conirary, Le Mehaute (1976} opine that, there is
o difference in the air entrainment in breaking waves and concluded that the process of
energy dissipation during wave breaking will be in simﬂitudé even if the finer details of the

* flow process are different.

Palmer and Walker (1976) conducted model tests, of wave barrier to protect Honolulu
Iuternational Airports reef runway, the breakwater model scales were 1:5, 1:35, 1:45. They
commented that model tests should be made for all important rubble mound breakwaters
subjected to breaking waves and scale effects should be considered when applying the model

data to prototype design.

Sollitt and Debok (1976) write that in the small scale models, scale effects due to incorrect
representation of flow (low R.) cause {ess un up, less reflection and less stable condition and
extrapolation of these resulis yield an unecomomical over designed armour and under

designed crest elevation.
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There is a need for detailed model tests for optimum breakWatcr design with sufficient repeat |
runs to increase teliability of tests (Zwamborn 1979). Standard test procedures/techniques
should be used so as to reduce the errors and allow comparison of test results of different labs
(Ouellet 1970 and Zwamborn 1979). Presentation of resulis also should be standardized
(Oullet, 1970). Model test results are normaily transferred to fhie prototype by applying
Froude’s law. However, the extent of scale and model effects involved have not been fully
resolved (Torum et al. 1979). The interpretation of results, for given test conditions, should
not be evaluated without considering the possible scale effects (Qullet 1970). |

Mettam (1980) writes that until new design formulae-are discovered, limitations of the present
formulae should be recognized and théy should not be used out of their intended context. This
implies that the model test results are valid within the limitations of labotatory conditions
under which models were tested and extrapolating the results or applying under different
situations may nof be correct.

For reliable results it is necessary that model tests accurately represent the prototype situation.
For this, accurately representing the prototype breakwater armour in model (strength, texture
and placement) and generation of realistic sea states in the model is important (Timeo and
Mansard 1982).

Mol et al. (1984) writes that, errors may be due to scatter of original data and considerable
extrapolation outside the available period of obsetvations. This results in a large confidence
band around the extrapolated function and gives standard derivation of the order of 10% to

15% of the average value.

Owen and Briggs (1986) writes that the results from physical models can only he as good as
input data collected prior to design.

Collection of prototype data regarding performance of structure in field is a great help in

improving research regarding practical aspects and future constructions (Franco-1996).
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Chapter 4
Problem Formulation

4.1 BACKGROUND

Conventional such as non-overtopping rubble mound breakwaters are in use since long time
protecting the beach and/or land behind from flooding, erosion, silting or sheltering reclaimed
land. Earlier, these breakwaters were of gentle slope consuming enormous quantity of
material. Building these large structures was a mammoth task as it called for procurement,
transportation and placement of massive blocks of rocks in the shallow/deep waters. This
always encouraged engineers to research on economic design of breakwaters which gave
maximum protection from sea waves. Thus the concept of optimization of breakwater section
evolved. Till 1933, the breakwaters were designed based on laboratory experiments,
experience and comparative basis. Later various investigators g;dve simple design formulae
based on limited laboratory investigations (Poonawala 1993). These designs were either over
safe or under designed. Many researchers like Hudson (1959); Van der Meer (1988);
Belfadhel et al. (1996) and Melby and Hughes (2003) have given the design formulae for
estimating th.e breakwater armour weight. Even though the design formulae are available, they

have not eliminated the need for experimental verification of engineering design.

When these structures were not found compatible with the particular site conditiens, as they
failed due to extreme loads of cyclonic waves, the engineers settled for berm breakwaters.
Gadre et al. (1991) suggested that the weight of the armour of berm breakwater could be
substantially lowet, i.c. 20% to 30%, than the conventional structure and this could save up to
50% to 70% of the cost depending up on the site conditions (Baird and Hall 1984).

Further the investigations found out that these protective structures need not project above
SWL at all the sites to function effectively. Hence, they dcsigned_submerged breakwaters
which would successfully trip the oncoming steep waves, dissipate the energy and attenuate
the waves before further propagation, which could be effectively used at places requiring
partial protection, where, tidal fanges are small These structures being under water are
subjected to smaller wave loads., This was an innovative method to further optimize the

structure without compromising its performance. Thus many researchers (Johnson et al. 1951,
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Dattatri et al. 1978, Van der Meer and d’Angremond . 1992, Rambabu and Mani 2001 and
2002 and Twu et al. 2001) attempted to design the slope, crest width, location and height of
the submerged breakwater so as to reduce the transmlsswn coefficient and arrived at various
design criteria. Submerged breakwaters have been popular beach protection measures in

Japan (Goda 1996).

Kale and Gadre (1989) demonstrated through physical mode! studies that, offshore submerged
breakwaters in small depths of 2m to 3m could be easily and economically constructed with a
variety of materials like stone filled boxes/synthetic bags, concrete pipes or chains of small
concrete blocks. These can be easily transported to the site by boats or by raft and can be
placed in water by 4 to 6 people as the total weight of chain of blocks is around 200Kzg.

Meanwhile, Ahrens (1984, 1989), Fulford (1 985), Gadre et al. (1992) and Nizam and Yuwono
(1996) further optimized the submerged breakwater by proposing design criteria for reef
structure. Ahrens (1984, 1989), Gadre et al. (1992) and Nigam and Yuwono (1996) have
given the design formulae for the reef armour. A reef is a structure constructed of anmour
without a multilayer structure. This is just a porous structure Wthh has the armour of
sufficient weight so as to remst the wave load coming over it. This structure is an optimized
structure to the highest degree which can successfully break the high waves and dissipate

wave energy.

- The design of breakwaters through out the world shows a great variety and there is no best

solution, because, it depends not only upon hydrodynamic conditions but also on the local,
national and social situation. These breakwaters have been built throughout the centuries but
then structural development as well as their design procedure is still undet massive change.

Major research activities are necessary, sOme of them have been already been installed, to
gain better knowledge of the physical back ground of the structure performance. They must
lead to new design concepts and load adequate structures. New ideas and develépments are in
the process of being tested for reducing the load on and the failure of breakwaters. To reduce
wave load on structure and/or allow waier to exchange, the concept of underwater or

submerged breakwaters is always atractive (Kaldenhoff 1996},
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Franco (2001) writes that complex hydromorphodynamics associated with submerged barriers
are not yet fully known. Therefore, in Ttaly, a specific Furopean research project called
DELOS was started in 2001, to investigate the ecological implications in order to provide

more reliable design guidelines.

Until early 1990s the design practices of breakwaters were based on hydraulic model tests and
empirical formula. Most reliable and quantitative data on effect of subrrierged breakwater on
wave action, are those obtained in laboratory model studies. Because of the complexity of the
problem theoretical development 1s over simplified and therefore, greater reliance should be
placed on lab and field studies (Khader and Rai 1980). Very few numerical techniques have
been developed recently to check the stability of these struciures {(Kudale and Dattatii 1994
and Van Gent and Vis 1994). Very tecently software such as HISWA, SWAN, EMS and
MIKE21 and BREAKWAT.3 has been developed and is used for designing different types of
preakwaters (Mai et al. 1999, Deift Hydraulics 2001 and Nagendra Kumar 2001). Though
oumerical models have been developed as a design tool for many types of breakwaters after
1990, the necessity of physical model study has not diminished. They are still used to validate
aumerical models and are used when parameters involved are complicated or it is not possible
{o accurately represent them mathematically or to calibrate the parameters. Physical model
studies are the only way out, when, the geomeiry of the structure to be tested is unusual and

parameters involved interact in complex paiterns (Chekrabarthi 1996 and Mai et al. 1999).

Off late designs are being increasingly influenced by environmental, social and aesthetical
aspects transforming the breakwater into a complex structure. Under such situation, where,
the design/analysis of the protofype structure is very complicated, the use of physical models,
which are a close representation of reality in which a prototypc system is duplicated as closely

as possible, is particularly advantageous.

4.2 PROTECTION OF BREAKWATERS

The conventional breakwaters can not be economically designed to take on the wave loads
due to exireme waves during cyclones and there is considerably uncertainty about data
collected regarding the storm waves (Owen and Briggs 1986). Many deepwater breakwaters
failed between 1950 and 1982 due to cyclonic waves. Hence, ihe idea of rehabilitation and/ox

design of some kind of protection to these conventional breakwaters evolved.
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Breakwatets may be protected by providing 2 submerged berm attached to the seaward side of
the breakwater or providing a detached underwater/submetged breakwater depending upon
geometry of structure, type of damage, causes of failure, availability of construction material
and equipment, financial constraints, future requji‘cments for port expansion and other

construction works (Groeneveld et al. 1984).

Gadre et al. (1985) designed a submerged berm seaward of revetment bund which protected
the land reclaimed between outer harbour and fisheries harbour north of Bharathi Dock at
Madras Port, Chennai, India, The submerged bund broke and attenuated high waves and the
region between two structures dissipated the wave energy further, This facilitated construction
of revetment with 2Ton to 3Ton stones, where, upper slope was constructed With stones of
0.5Ton to 1.5Ton at slopes of 1:3 and 1:25 respectively. This saved the material compared to
conventional design of non-overtopping breakwater with armour stones of 15Tons or

tetrapods of 6.5Tonon a slope of 1:2.

Gadre et al. (1989) economically rehabilitated a damaged head portion of the breakwater at
Veraval Port Gujarat, India, by constructing a submerged breakwater at a seaward distance of
80m. '

Cox and Clark (1992) through limited model studies designed a submerged reef to protect the
inner shorter breakwater and called it a tandem breakwater. They designed a breakwater of
armour weight of 3Ton and a submerged reef with stone armour of weight up to 1Ton at 2

seaward distance of 40m which was economical by 1million dollars compared to conventional

. breakwater design which otherwise required an armour of 8Ton. He concluded that such a

tandem breakwater could be an optimum structure.

Cornett et al. (1993) through small scale model tests showed that, a fow crested reef
breakwater with height greater than or equal to 0.6 times the depth of water and crest width of
more than 0.1m located seaward of main breakwater, can reduce wave loading and erosion of
rock armour. They validated the tandem breakwater concept and concluded that, there was an
optimum distance between the structures depending upon wave conditions and geometry of
breakwaters and considerably more research and testing of tandem breakwater is required to

develop a complete understanding of the transformation of waves, loading events and design.
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4.3 PROBLEM FORMULATION

Breakwater’s vulnerability to extreme events such as storms is a reality. One of the things
engineers can do is to design a seaward protective structure to the breakwater, which will
withstand, resist and manage such destructive extreme events. Afler going through the
literature, it is decided that a submerged reef, which is a simple, porous and stable rubble
mound structure without a layered cross section, is an optimised structure (Ahrens 1984,
1989, Fulford 1985, Gadre et al. 1992, Nizam and Yuwono 1996 and Bierawski and Maeno
2002). This could be an effective option as a protective structure for breakwater as it breaks

steep waves and attenuate them to a tolerable level.

This concept is new and therefore, further information is needed to draw conclusions on the
impact of geometry of submerged reef over the stability of the inner (main) brealcwater and
arrive at a stable and economical des1g11 of defenced breakwater. This calls for an in depth
physical model study. Hence, it is decided that, an experimental study of breakwater protected
by submerged reef (i.e. defenced breakwater) be taken up to investigate the influence of 2

submerged reef, on the stability of the inner breakwater and design it as a protective structure.

4.4 NECESSITY AND RELEVAN CE OF PRESENT STUDY

After studying the literature, it is learnt that, the breakwaters, which are one of the important
structures, are subjected to damage under extreme wave loading during storms. Extreme
waves of storms can not be predicted accurately and there exists considerable uncertainty
regarding storm wave data. Hence, breakwaters can’t be economically designed for exireme
waves. A seaward protective structure will withstand, resist and manage destructive steep
waves of a storm at least to some extent, at the same time, mitigate catastrophic damage of the
inner (main) breakwater. This could be an economical option for designing a structure which
stands a fair chance of an encounter with such an extreme event., A submerged reef which 1s
an optimized structure can be jocated at a certain distance seaward of the breakwater. The
wave breaking over reef causes more turbulence on lee side. They also offer resistance
through. friction and turbulence created by teef’s interference in the wave ficld causing
maximum energy dissipation. This attenuaies waves Ol leeside, which, then attack the inner

(main) breakwater within the tolerable level.
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The design of this type of protected structure requires detailed information on parameters such
as water level changes, reef stability, height and crest width of the reef, seaward location and

wave transmission. The literature survey also threw light on the need of investigating the

. submerged reef especially regarding its armour weight, crest width and its seaward location

for maximum protection of the inner breakwater which could save an appreciable quantity of
material and cost. Therefore, more research is needed to understand their mechanism,
performance and design such complex structures confidently. Thése issues present an
extremely complex picture, which, is difficult to model mathematically. In light of this, it is
decided that experimental work be taken up 1o study the stability of the reef and influence of
its crest width and seaward location on wave trapsmission and stability of breakwater to arrive
at a design of a seaward reef that protects the inper breakwater. The design of such protection

to the breakwater is the research work selected for the present study.

4.5 SCOPE OF PRESENT WORK
A protective submerged reef is located at a certain distance seaward of the main breakwater.
This model 18 éubjccted to normal attack of regular waves of varying characteristics in
changing water levels. In the present investigation, an attempt has been made to study the
following Iaspects: |
1. Armour stability of the conventional uniformly sloped breakwater.
2. Optimum armour stone weight for a stable uniformly sloped submerged reef.
3. Influence of a submerged reef Jocated at varying seaward distances on the stability
of inner (main) breakwater. _
4. Tnfluence of different crest widths, of a selectively located submerged reef, on the
stability of inner breakwater. '

5. Reef characteristics those protect the breakwater.
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Chapter 5
Details of Present Experimental Investigation

5.1 GENERAL

The two dimensional wave flume availzble in Marine Structures Laboratory of Department of
Applied Mechanics and. Hydraulics of Nétional Institate of Technology, Karnataka, India is
used for the present study. It is decided that, an experimental study of breakwater protected by
submerged reef be taken up to investigate the influence of a submerged reef, on the stability

of the inner (main) breakwater and design it asa protective structure.

Keeping the laboratory conditions in mind, largest possible model scale is selected. The
predominant non-dimensional variable affecting the performances of the chosen model study
ate obtained through dimensional analysis. The details of the laboratory conditions,
experimental set up, dimensional analysis, bydraulic modcllmg and methodology and

procedure adopted for the present experimental investigation are explained in this chapter.

5.2 DESIGN CONDITIONS _
For the design of conventional rubble mound breakwater an. equivalent of prototype design
wave of 3m, a depth of water of 9m and a water level rise of 3m are assumed. While waves

equivalent of height up to 4.8m and of period of 8sec to 13sec are considered to for model

study.

5.3 DIMENSIONAL ANALYSIS

The present model study invoives a complex structure comprising of a breakwater and a

protective seaward submerged reef. The waves break over the reef, loosing a major portion of
energy and then loose some more energy while propagating in the zone between the
structures. This phenomenon is difficult to express mathematically and one has to depend
upon experimental investigations. The resulis of such investigations are more useful when
expressed in the form of dimensionless relations. To arrive at such dimensionless

relationships between different variables, dimensional analysis is carried out.
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5.3.1 Predominant variables

The predominant variable

are listed in the Table. 5.1.

s considered for dimensional analysis in the present investigation

Table. 5.1. Predominant variables considered in the analysis of breakwater stability

Predominant Variable Dimension
Incident Wave Height (Hj) L
Transmitted Wave Height (Hy) L
Deep water Wave Height (Hy) L
Water Depth (d) L
povave | Wave Period (T) T
Wave Length (L) L
Run-up (Ry)- L
Run-down (R4} L
Particle Velocity (¥) LT!
Armour unit Weight (W) M
Nominal Diameter (Daso) L
Reef submergence (F) L
Seouctaral | T WB B b
parammeters ) o cture height (hy) L
Relative Mass Density of Armour units (A) ML°T®
Mass Density of Armour units {o:) ML~
Bulk Density of Armour units {(Ds) ML?
Fiuid Mass Density (p) | ML?
parameters .Dynamic Viscosity (V) ML'T"
B E:tﬁ,i]:::l Acceleration due to Gravity (g) LT?
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5.3.2 Details of dimensional analysis

For deep water wave conditions L and T are related by

The term gT” is used in the above equation {o represent the wave length L, instead of taking L
directly. This is because if L is used it wonld be depth specific while, gT* is independent of
depth and represents the deep water wave characteristics which can be easily transformed to

shallow waters depending upon local bathymetry.

Considering the damage level S of the rubble mound breakwater which is dependent on
several independent parameters, their relationship can be expressed as follows

S=f(H,, T,d, X, Lo, B, F, i, A, Ag, 2, P, Dinso) vvrveenniiccnssinmnnisneenisninss s enssenssenen { 3.2)
By the application of Buckingham’s 7 theorem, an equation of the form shown below is
obtained.

S = Ay/D?50= F{HygT?, X/d, H/ADys0, B/d, B/Lo, W, F/H;, d/gT%} oo (5.:3)

Similarly, transmission coefficient (K;) at the submerged reef can be expressed as,

K= HyH; = £{H/gT?, X/d, H/AD,sp, B/d, B/ Lo, W/d, F/Hy, d/2T%} oo ernenn(5.4)
Where,

A/D?so Dimensionless damage S

H/H; Transmission coefficient K,

Hy gT2 Deepwater wave steepness

X Non-dimensional attenuation distance

H/AD, 59 Hudson’s stability number Ng

B/id Relative reef crest width

B/L, Relative reef crest width

F/H; Relative reef submergence

h/d  Relative reef. height

d/gT? Depth parameter
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In the present work, the breakwater is modeled using Froude’s léw where, the dimensionless
product Froude number (F; = v/{gL)) is kept identical for prototype and the model. For many
years, it has been considered that no modeling errors will arise as long as Reynold number for
flow through the armour layer is greater than 3x10*%, However, Owen and Briggs (1986) write
that the recent model studies conducted with different scales and comparison with recorded
damage suggest that, this Reynold number can be as low as 8x10° or even 3x10° before any

significant errors rise.

In the present work, Reynolds number is not considered, because, flow in the primary armour
layer is considered to be turbulent and viscous effect becomes vnimportant as Re > 3x10°,
Simularly, reflection from the submerged reef and breakwater is also not considered. This is
because the study is of fundamental nature and importance is attached to wave transmissjon at
the réef, also reflection from porous submerged reef is relatively small (Ahrens 1984). In
nature, a wave striking a submerged barrier will result in some of its energy being reflected
offshore where it is ultimatély diésipated by wind and internal stresses. In the lab, reflected
waves strike the wave paddle and are almost totally reflected and create unduly high waves
which may not represent the prototype condition truly. This may go on and on. The net result
is a wave system which differs considerably from stimple model in the nature i.e. assuming
mono-periodic waves could occur in nature (Dick and Brebner 1968). Therefore, in the
present experimental investigation, waves are sent in bursts of 5 waves, and generator is

switched off between the bursts to allow sufficient, time for the wave energy to dampen out,

54 SIMILITUDE AND MODEL SCALE SELECTION
A physical model should be designed correctly to get reliable results. In the present study,
similitude is achieved by keeping the non-dimensional parameters in the same range for both

model and prototype.

The best model is the prototype. But the limitations of the lab, most of the times, do not
permit testing of a prototype, The choice of scale, for the model test, is often limited by
constraints put by experimental facilities available. Within this constraint, an optimum scale
should be selected by comparing the economies of the scale model with that of the experiment
{Hughes 1993 and Chakrabarti 1996).
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The results of Stive (1985) indicated that, there was no significant departure from Froude
scaling in a wave height range of 0.1m to 1.5m with regard to the parameters measured. This
result proved that observed difference in air entrainment between model and prototypes have
no significant dynamic influence. When the wave break on armour units in a physical model,
the flow is turbulent so it is expected that pressure produced in the model are in similitude
with the prototype (Le Mehaute 1976).

To simulate the field conditions of wave heights, period and armour size, by application of

Froude’s law, different model scales are tried. This is presented in the Table. 5.2.

Table. 5.2. Selection of model scale

Dyso (m)
B T
Scale (m) (sec) Breakwater Submerged reef
(Range)
3.0 4.8 8.0 13.0 0. 8970 0, 5270 - 0. 6980
1:10 0.300 0.48 2.33 4.11 0.0897 0.0527 - 0.0698
© 120 0.150 0.24 1.79 291 0.0449 0.0263 - 0.0349
1:30 0.100 0.16 146 237 0.0298 0.0175 - 0.0233
1:40 0.075 0.12 1.26 2.006 0.0221 (L0131 - 0.0174

In Marine Structures laboratory of Department of Applied Mechanics and Hydraulics of
National Institute of Technology, with existing facilities of two dimensional wave flume,
regular waves of heights ranging from 0.08m to 0.20m and period ranging from 1.0sec to
3.0sec can be produced. Keeping this in focus, a model scale of 1:30 is selected for the
present experimental investigation. This scale is within the scale selected fdr tubble mound
breakwater model tests conducted in majority of the laboratories around the world and is good
enough to give reasonable and satisfactory results compared to those of the prototype (Le
Mehaute 1976,Palmer and Walker 1976, Sollitt and Debok 1976, Gadre et al. 1985, Stive
1985,Gadre et al. 1987, Losada 1991and Hughes 1993).

3.5 STRATEGY FOR EXPERIMENTATION

It is decided to experimentally study the pc:rformance of a 1:30 scale model of submerged reef
and protected breakwater under attack of varying wave climate in changing depths of water.

The physical model study includes investigation of:

148

“Studies on Tandem Breakwater”, INCH, MoWR Sponsored RdeD Project, N1 T.K., Surathkal — April 2008,




Chapter 5 Details of Present Experimental Investigation

1. Armour stability of a trapezoidal submerged reef.
- 2. Wave transmission at reef and wave height attenuation.

3. Influence of varying reef geometry on stability of inner (main) breakwater.

3.6 OBJECTIVES OF STUDY
The objectives of the present experimental investigation are:
1. To study stability of the conventional uniformly sloped breakwater.
2. To arrive at optimum armour stone weight for a stable uniformly sloped submerged
reef, ’
3. To study the influence of a submerged reef located at varying seaward distances on
the stability of inner (main) breakwater.
4. To study the influence of different crest widths, of a selectively
located submerged reef, on the stability of inner (main) breakwater.

5. To arrive at reef characteristics those protect the breakwater completely.

Therefore, the aim of the present physical model study is to evolve a design of defenced
breakwater where, a seaward reef offers complete protection of the inner (main) breakwater

for a range of selected wave characteristics and depths of water.

5.7 EXPERIMENTAL SETUP

5.7.1 Wave flume _

The physical model is tested for regular waves in a two dimensional wave flume of Marine
Structures laboratory of Department of Applied Mechanics and Hydraulics, National Institute
of Technology Karnataka (NITK), Surathkal, India. Plate. 5.1 shows the distant view of wave

flume.

The wave flume is 50m long, 0.71m wide and 1.1m deep. It has a 41.5m long channel with a
smooth concrete bed. Abdut 15m Iength of the flume is provided with glass panels on one
side. Tt has a 6.3m long, 1.5m wide and 1.4m deep chamber at one end where the bottom
hinged flap generates waves. The flap is controllled by an induction motor of 11Kw power at
1450rpm. This motor is regulated by an inventor drive (0 — 50H1z) rotating in a speed range of
0-135rpm. Regular waves of 0.08m to 0.20m of periods 1.0sec to 3.0sec can be generated

with this facility. A gradual transition is provided between normal channel bed level and that
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of generating chamber by ramp. The wave filter consists of a series of vertical asbestos
cement sheets spaced at about 0.1m centre to centre parallel to length of the flume. Fig. 5.1

gives a schematic diagram of experimental setup.

Plate. 5.1. Distant view of wave flume
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Fig. 5.1. Details of experimental setup
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ALhe changing the frequency through inverter ane.can generate the desired wave period. A fly-
wheel and bar-chain link the mortar with flap. By changing the eccentricity of bar chain on

sthe {ly-wheel one can vary the wave height for a particular waye period.

5.7.2 Instrumentation

+Two capacitance type wave probes are used where, first probe measures incident wave height
(H;) at about 1m seaward of reef toe and second probe measures transmitted wave height (H,)
after breaking over the reef. The same probe is moved to measure wave height approaching
the breakwater toe. The water surface elevation is converted into electrical signals. These are
then stored as digital signals by software controlled 12-bit A/D converter with 16 digital
input/output. During the experiment, every time after five waves pass, the waveform for 10sec
duration is acquired using software ADTRIG-T.C. Plate. 5.2 shows the instrumentation

setup.

Plate. 5.2. Instrumentation

5.7.3 Calibration of test facilities

Before the model tests are started, the flume is calibrated to find the required wave heights
which, are assigned to a particular combination of generator stroke and wave period, for
depths of water (d) of 0.3m, 0.35m and 0.4m. The wave probes are also calibrated for
temperature correction every morning and afternoon before the tests begin and the wave

characteristics were recorded. Plate. 5.3 shows the calibration of wave probe.
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Plate. 5.3. Calibration of wave probe

All the waves recorded are verified by manual observations. The combination which produce
secondary waves in the flume are not considered for the experiments. This will exclude the

Josses due to interference of flume bed and sidewalls and influence of reflection and therefore,

eliminates error sources. Plate. 5.4 and Plate. 5.5 show the recorded incident wave and

transmitted wave forms respectively.

Plate. 5.4. Incident wave form
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Plate. 5.5. Transmitted wave form

5.7.4 Surface profiler system

The cross section of the breakwater is surveyed using the profiler mounted over the rails fixed
on top edges of the wave flume. The profiler consists of nine brass sounding rods at 0.1m
interval each one with a ball and socket foot where the foot is circular with diameter of about
0.035m. The damaged profile of the breakwater is plotted and the area of erosion (A) is

measured with digital planimeter.

58 TEST MODELS

5.8.1 Conventional breakwater

A 1:30 scale model of a breakwater, of trapezoidal cross section with a uniform slope of
1V:2H, is constructed on the flat bed of the flume. The primary armour weight (Ws) for a
design wave of 0.Im is determined using Hudson’s formula to be 73.2gm (i.e. nominal
diameter (Dasq) of 0.0298m). The actual weight of the armour stone used varied from 55gm to
91gm with a mean value of 73.2gm. The model characteristics and the standard deviation and
coefficient of variation of armour stone weight are given in Table 5.3. The mean weight of the
stones in the secondary layer is taken as 7.32gm. The model crest width is 0.1m and height is
0.70m. The core is designed with rock flour of size 300microns. The armour units are painted
with different colours and placed in bands of heights of 0.2m to 0.3m to track their movement

during damage. In the first phase, this conventional breakwater model is tested.
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Table. 5.3. Model characteristics of conventional breakwater

Variable Expression Value
Slope 1V: 2H
Armour type Angular quarry stone
Mass Density ) 2.8gm/cc
Nominal diameter Duso 0.0298m
Armour weight Wso 73.2gm
Standard deviation P 8.12gm
*Coefficient of variation & 0.11
Crest width 0.1m
Crest height 0.7m
Porosity of primary armour P 439
Porosity of secondary armour P2 39%
Porosity of core P3 36%

* The value is approximately equal to the value used by Melby and Mlakar (1997) in

reliability analysis undertaken.

5.8.1.1 Model construction

The model of the main breakwater is constructed at a distance of 32m from the generator flap
(refer Fig. 5.2). Plate. 5.6 shows the cross section of conventional breakwater. This test section
is subjected to normal wave attack of 3000 regular waves of height ranging from 0.1m to 0.16m
of periods varying from 1.5sec to 2.5sec in a depth of water (d) of 0.3m, 0.35m and 0.4m. The
Table 5.4 lists the test wave conditions. Plate 5.7 captures the wave surging over the
conventional breakwater. The cross section of breakwater denoting layers is drawn on the glass
panel. Pipes are placed below the breakwater test section to balance the water levels on seaside
and leeside. The corc material is placed and formed to the required level and after lightly
compacting by hand. Then, the secondary layer and the primary layer are constructed upto the
marked level. The primary armour layers are painted to reduce the surface roughness (Hughes
1993). In the rubble mound breakwater model, the armour stones placed around SWL are
painted in white and in the zone above, it is the armour stones with red colour while in the zone
below, the stones were painted with black colour to identify the damage zone after the test. The

armour stones are placed with keyed and fitted placement technique.
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Fig. 5.2. Details of model testing of conventional breakwater

Plate. 5.6. Cross section of conventional breakwater
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Plate. 5.7. Wave surging over the conventional breakwater

Table. 5.4. Wave characteristics

Variable Notation Range
Angle of wave artack . 90’
Wave height H 0.10,0.12,0.14, 0.16m
Wave period T 1.5, 2.0, 2.5s¢ec
Storm duration N 3000 waves
Water depth d 0.30, 0.35, 0.40m
Depth parameier d/gT 0.004 - 0.013, 0.005 - 0.015, 0.006 - 0.018
Steepness parameter H/eT’ 0.00145 - 0.00785
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5.8.1.2 Physical properties of armour units
The specific gravity of the stones used as primary armour units is determined using
pycnometer. Five samples are taken and the specific gravity calculated ranged between 2.71

and 2.81 with an average of 2.8. The standard deviation is 0.13 and coefficient of variation is

0.046. The bulk density of the armour unit is calculated as 1.6gm/cc.

The porosities of the primary armour, secondary armour and core are 43%, 39% and 36%

respectively.

5.8.1.3 Gradation of armour units

The size distribution of the rubble material is determined in terms of weight. The aggregates
are carefully hand picked so that they were angular or roughly cubical in shape. The weight of
the stones used for the primary layer ranged from 0.75W to 1.25W with a mean weight W

of 73.2gms is used. Fig. 5.3 shows the gradation curve for armour units.
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Fig. 5.3. Gradation curve for primary armour units
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The thickness of the primary and secondary layer is determined by the equation

F=nx Kax (W r 2 e, (5.5)

Where,

r is thickness of armour layers, n is number of layers of the armour units, K, is layer

coefficient (for rough quarry stones = 1.15), v, 1s specific weight of armour material.

The average layer thickness of 7.0 cm is provided for primary layer and an average thickness
of 3.2 ¢m 1s provided for secondary layer. The minimum crest width should be sufficient to

accommodate three stones. For the core, quarry run of size 300 microns was used.

As given by Van der Meer (1988) the following damage levels are used to measure the
damage levels of the breakwater:

1. S=2  (Incipient damage)

2. S =5-8 (Intermediate damage)

3. S=12 (Filter layer is visible).

5.8.2 Submerged reef structure

Fig. 5.4 shows a 1:30 scale model testing of a trapezoidal submerged reef, of slope 1V:2H,
height (h) of 0.25m and crest width (B) of 0.1m. The Plate 5.8 shows the cross section of the
actual submerged reef model constructed on the flume bed. The model is constructed at 28m
from the generator flap. Five such reef models are designed with armour stones weighing
15gms, 20gms, 25gms, 30gms and 35gms as given by various design criteria (Ahrens 1984,
1989; Gadre et al. 1992; Nizam and Yuwono 1996 and Piarczyk and Zeidler 1996). The mean

weights, standard deviation and coefficient of variation of the reef armour are given Table 5.5.

In the second phase, this test section is subjected to normal wave attack of 3000 regular waves
of height ranging from 0.1m to 0.16m, of periods varying from 1.5sec to 2.5sec in a depth of
water (d) of 0.3m as the reef stability is critical at the lowest water level (Smith et al. 1996).
The damage to the structure is recorded in the form of reduction in crest height (h.). From the

model test optimum armour of weight for stable reef is derived.
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Plate. 5.8. Cross section of submerged reef
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Table. 5.5. Model characteristics of submerged reef

Variable Expression Range
Slope 1V:2H
Reef Armour type Angular quarry stone
Nominal diameter for reef daso 0.0221m
15.4gm, 20.3gm, 25.5gm, 30.2gm,

Reef Armour weight Wsp 35.3gm

2.61lgm, 2.45gm, 3.42gm,
Standard deviation o ok

3.28gm, 4.56gm
Coefficient of variation 6 0.17,0.12,0.13,0.11, 0.13
Crest height of reef h 0.25m
Crest width of reef B 0.10, 0.20, 0.30 and 0.40m
Porosity of reef 43%
At 1.0m, 2.5m and 4.0m seaward of

Reef spacing X main breakwater
Relative height (h/d) 0.625 to 0.833
Relative crest width (B/L,) 0.01to0.114
Relative crest width (B/d) 0.25t01.33
Relative reef submergence (F/H;) -0.312to-1.5
Relative reef location (X/d) 2.5t013.33

In the third phase, the submerged reef of same geometry is constructed with armour of
optimum weight and subjected to waves of heights (H;) of 0.1m to 0.16m of period (T) of
1.5sec to 2.5sec in the depth of water (d) varying from 0.3m to 0.4m. The incident waves are
recorded at Im seaward of the reef. The transmitted wave heights (H,) on the leeside are
recorded for a distance of every metre up to 8m and required reef spacing is derived
depending upon the maximum wave height attenuation achieved. The wave breaking over the

submerged reef is captured in Plate. 5.9 and Plate 5.10.
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Plate. 5.10. Waves plunging over the submerged reef (for d = 0.4m)

5.8.3 Protected breakwater

In the fourth phase, a stable trapezoidal submerged reef having a slope of 1V:2H with a crest
width (B) of 0.1m and height (h) of 0.25m is constructed, with homogeneous pile of stones of
optimum weight at varying seaward distances (X) from the conventional (main) breakwater

within the required spacing derived (refer Fig. 5.5).
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Fig. 5.5. Details of model testing of protected breakwater

Plate. 5.11 shows the view of the protected breakwater with a conventional breakwater and

seaward submerged reef. Plate 5.12 exhibits the top view of the protected breakwater.

Plate. 5.11. View of the protected breakwater
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Plate. 5.12. Top view of protected breakwater

The models are then tested. Once the location of the reef is selected, the tests are repeated, in
the fifth phase, with a reef of different crest widths (B) of 0.Im, 0.2m, 0.3m and 0.4m to
arrive at the crest width that protects the main breakwater. The model characteristics together
with their possible range of application and wave characteristics are listed in Table. 5.4,

5.9 MODEL TEST CONDITIONS

By comparing a number of known prototype breakwater damages with associated model
investigations, Hudson (1975) as quoted by Torum et al. (1979) considers that hydraulic scale
model can be used to determine stability of rubble mound breakwater and that, accuracy of
results will be with in the limits required, to design safe and economical full scale structures,

if models are designed and operated correctly and test conditions are selected judiciously.

In nature, a wave striking a submerged barrier will result in some of its energy being reflected
offshore where it is ultimately dissipated by wind and internal stresses. In the lab, reflected
waves strike the wave paddle and are almost totally reflected and create waves which may not
represent the prototype condition truly. This may go on and on. The net result is a wave
system which differs considerably from simple model in the nature i.e. assuming mono-
periodic waves could occur in nature (Dick and Brebner 1968). This can be dealt by
conducting experiments with series of wave bursts, such that, each burst of waves ending
before re-reflected waves can again reach the testing section of the wave flume (Hughes

1993).

163

“Studies on Tandem Breakwater”, INCH, MoWR Sponsored R&D Project, N.LT.K.. Surathkal - April 2008,



Chapter 5 Details of Present Experimental Investigation

In the present experimental facility reflected and re-reflected waves from the generator flap
give rise to unduly high, complex and undefined waves. Therefore, to avoid wave reflection
affecting the model performance, in the present experimental investigation, waves are sent in
bursts of 5 waves, and generator is switched off between the bursts to allow sufficient time for

the wave energy to dampen out.

The present physical model study is conducted in a two dimensional wave flume where, only
the breakwater dainage due to displacement of the armour stones in response to normal attack
of regular waves is considered as the prime cause, and influence of sediment movement and

currents on the structure performance is neglected.

Diskin et al. (1970) noticed that, for submerged breakwater with crest at SWL, piling 1s 0.35
times wave height, for F/H, of 0.5, piling is 0.15H, and for F/H, >1, piling is less than 0.05H,
with an accuracy of 10% to 20%. The set up for non-breaking waves is 2% to 5% of incident
wave height, while for breaking wave, set up reaches up to 20% of H; or higher depending
upon H; (Mendez et al. (2001).

In the present experimental work, in most of the test runs F/H; values are greater than 0.5.
Hence, if at all piling of water was taking place behind the reef, it may be between 0.05H and
0.15H. However, piling is discouraged by generating small number of waves (i.e. five waves)
in bursts with sufficient time interval in between them. The present study is of fundamental
nature and therefore, the breakwater damage due to armour stone displacement due to wave

attack is the only mode of failure that is considered.

Sollit and Cross (1970) found that for a layered submerged structure of Kd (i.e. 2I1d/L) values
of 1.5 and 2.01, K, increased from 0.2 to 0.3 while, wave steepness increased from 0.005 to

0.05. But for a given steepness of H/L of 0.01 and 0.02, K, decreased from 0.53 to 0.25.

Stive (1985) conducted small scale and large scale tests of regular and irregular breaking
waves. Stive’s results indicated that there was no significant departure from Froude scaling in
a wave height range of 0.1m to 1.5m with regard to the parameters measured. This result
proved that observed difference in air entrainment between model and prototypes have no

significant dynamic influence. When the wave break on armour units in a physical model, the
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flow is turbulent so it is expected that pressure produced in the model are in similitude with
the prototype (Le Mehaute 1976). The wave heights used in the present study are within the

range indicated by Stive’s results.

Scale model experiments usually are conducted using fresh water. If the prototype condition
is salt water, there is about a 3% difference in density and this changes wave force
accordingly. This effect could cause as much as 10% to 15% error in breakwater stability
studies (Le Mchaute 1976). Sharp and Khader (1984) as quoted by Hughes (1993) conducted
1:10 scale model tests where fresh water in the model represents a salt water prototype. This
particular example indicated that Hudson scaling called for model armour units about 8%
lighter than suggested. This means that sealing by Hudson stability parameter (i.c. keeping the
same stability number between prototype and model) will produce more conservative designs
for stable rubble mound structures because the lighter model armour units are more easily

moved by waves.

The best morphological effects, pronounced as accretion of sediment between the submerged
breakwater and shoreline have reached for the slope of the seaward wall ranging 1V:2H to
1V:3H. Better dissipation of waves, lower reflection and easier transport of sediment over the
structure were observed for these slopes (Pilarczyk and Zeidler 1996). Hence, a slope 1V:2H

is selected for the structures of present model study.

Considering all the above facts, the model tests of the present investigation are carried out
with the following conditions:
1. The sea bed is rigid and horizontal and it is assumed that the sediment movement
does not interfere with the wave motion and do not affect the model performance.
. The waves are periodic and monochromatic.
. Waves are generated in short burst of five waves.

. Between wave bursts there are brief intervals to allow wave energy 1o dampen out.

2
3
4
5. Secondary waves generated during the test are not considered.
6. Wave reflection from the flume bottom or flume side walls 1s not considered.

7 Wave reflection from the structure does not interfere with generated incident waves.
8. The density difference between freshwater and scawater is not considered.

9. Only hydraulic performance of the model is tested.

10. Piling up of water behind the reef is negligible.
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Table. 5.6 compares the parameters of field and model tests of protected structures
as given by various investigators with those selected for present study. Gadre et al. (1985),
Gadre et al. (1989) and Cox and Clark (1992) report prototype studies and whereas Cornett et
al. (1993) and Neelamani et al. (2002) conducted physical model studies in the laboratory.

Table. 5.6. Comparison of field and model parameters of protected structures tested by

various investigators with those selected for the present study

Gadre et Gadre et Cox and Cornett et Neelamani Present
SRRAmEIR al. (1985) al.(1989) Clark (1992) al. (1993) et al. (2002) Study
X (m) 100 80 40.5 2.11 53 1.0-4.0
d (m) 7.0 9.0 4.5 0.55 0.5-0.8 03-04
B (m) 5.0 9.5 6.9 0.1 0.2 0.1-04
h (m) 4.0 4.5 3.87 0.17-0.33 0.6 0.25
F(m) 3.0-4.52 4.5 0.6 0.1 -0.38 0.1-0.2 0.05-0.15
H (m) 5.0 7.0-9.0 5.82-7.08 0.12-0.2 0.05-03 0.1-0.16
T (sec) 10.0 e 103-11.7 1.0-3.0 1.0-3.0 1.5-25
X/ 14.2 8.88 9.0 3.83 6.63-106 | 2.5-13.33
B/d 0.714 1.06 L5 0.18 025-04 | 025-133
/d 0.57 0.5 0.86 03-0.6 0.75-12 | 0.63-0.83
F/H 0.6-0.9 0.5-0.64 | 0.085-0.103 05-3.17 033-40 |0312-15
H/eT? adegr | 0.0043 - 0.0014 — 0.00057 — 0.0016 -
0.0068 0.02 0.03 0.0072

5.10 TEST PROCEDURE

By comparing a number of known prototype breakwater damages with associated model
investigations, Hudson (1975) as quoted by Torum et al. (1979) considers that hydraulic scale
model can be used to determine stability of rubble mound breakwater and that, accuracy of
results will be with in the limits required, to design safe and economical full scale structures,
if models are designed and operated correctly and test conditions are selected judiciously.
Therefore, model design, construction and testing should be planned and executed properly
using proven and accepted techniques/procedures which can be standardized and repeated
accurately (Oullet 1970 and Zwamborn 1979). The safety of the structure must be determined
by using conditions well in excess of design wave conditions because more often than not,

these have a very low design reliability (Zwamborn 1979).
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To minimize uncertainty the experiment has to be properly planned, experimental procedures

and extrapolation methods should be standardized and sources of errors and magnitude of

errors have to be minimized (Mishra 2001).

5.10.1 Steps undertaken to reduce errors

Following steps are undertaken during the present experimental investigation to ensure

laboratory and scale effects are minimised and do not influence the model performance
adversely (Ahrens 1970, Van der Meer and Pilarczyk 1984, Palmer and Walker 1976,
Zwamborn 1979, Van der Meer 1984 and Hughes 1993).

l.

The model is constructed, as per the standard procedure, with a scale of 1:30 which
is the largest possible scale within the limitations of the laboratory constraints.

The depth of water in the flume is maintained exactly at the required level and is
continuously monitored. Average variation of 2mm was found after a full day of
model testing. Any drop in the water level of more than 3mm was immediately
corrected.

Initially calibration of flume, wave generation facility and wave probes are
undertaken to determine the proper wave height to assign to a particular combination
of generator stroke and wave period. The wave heights used in the test runs are
obtained during calibration. This will exclude the losses due to interference of flume
bed, sidewalls and reflection and therefore, eliminates these error sources.

Waves are run in short bursts of five during the tests and the wave generator is shut
off just before wave energy reflected from the slope could reach generator blade.
Between wave bursts there will be brief interludes to allow reflected wave energy to
dampen out.

All the wave characteristics are measured with more than 30 readings and are
statistically analysed. Similar exercise is repeated for other parameters such as wave
run up/down over the breakwater.

Tests are started by surveying newly constructed slope, with profiler which becomes
reference survey for comparison of subsequent surveys.

The height of first waves is normally smaller (i.e. 0.08m which is 20% lower) than
the design wave height of 0.1m, which, could dislodge the armour and gradually the
wave heights are increased by 0.02m and the model is tested for wave heights up to

0.16m which are well in excess of design wave condition.
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9.

10.

Waves for each test run are generated in bursts until it appeared that no further
stones from the armour would be moved by waves of this height and 3000 waves
would be run before the slope was considered stable (which 1s equivalent to an
actual storm of 6.85 hours to 11.41hours). This is because 80% to 90% of the total
damage would have already inflicted by that time and equilibrium would have
established (Van der Meer and Pilarczyk 1984 and Hegde 1996).

Failure for these tests is defined as having occurred when enough armour stones

are displaced so that filter layer was exposed.

5.10.2 Test procedure

After carefully studying the model test conditions and procedures adopted by various

investigators, the following procedure is evolved for the present study.

1.

All the breakwater models are constructed, in the flume, at about 28m to 32m from
the wave generating chamber.

The wave flume is filled with ordinary tap water to required depths of 0.3m, 0.35m
and 0.4m and the entire experimental set up including the wave probes are calibrated
or each depth of water.

In the beginning of the every test run, the breakwater is constructed to the standard
size (if it is damaged) and its slope is surveyed with the profiler, which is, the
reference survey (initial profile) for comparison of subsequent surveys (final profile
after damage).

The model is tested for varying wave characteristics as shown in Table 5.4. The
model is subjected to normal attack of regular waves. The waves are generated in
bursts of five waves with brief interludes to allow reflected wave energy to dampen
out.

Damage level (S) is calculated as the ratio of area of erosion (A.) to square of
nominal diameter (D,sp) of breakwater armour. The failure in these tests is defined
as the displacement of primary armour stones so that filter layer is exposed to wave
action and core material is actually being removed through the secondary filter
layer.

Initially a series of smaller wave heights starting from 0.8m are passed and then
gradually wave height is increased by 0.02m each time, till it reached the height of
0.16m for a selected period. 3000 waves are run for each trial or the exposure of the

secondary layer whichever occurred earlier.
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7. In the remaining phases, where the stability and wave transmission at the submerged
reef and performance of the defenced breakwater is tested, the incident waves are
measured at 1m seaward of the reef and the transmitted wave heights on the leeside

are observed at 1m leeward of the reef and at the toe of the inner breakwater.

5.11 OBSERVATIONS

When conducting the experiment, the incident wave height, wave period, wave breaking over
the submerged reef, transmitted wave height and wave at toe of the inner (main) breakwater
are observed and recorded. The waves while breaking over the submerged reef produced lot
of turbulence and lose a major portion of the energy. Then the remaining energy gets
transmitted in the stilling basin (energy dissipating zone), and the waves may further lose
some more energy. The initial displacement of stones is observed from the area around the
SWL, which, is subjected to severe wave action. Plate 5.13 shows the waves breaking at the

submerged reef of the protected breakwater.

Initially, waves caused the readjustment of stones to stable positions and as number of waves
attacking the breakwater increased, the movement in the primary layer is observed due to
rocking, lifting and pulling of the stones down the slope. It is observed that the stones are
dislodged during run-up and then dragged down by run-down. The stones which are dragged,
move down the slope and spread uniformly at the lower part of the slope where the influence
of the wave activity is considerably less. The movement of stones started slowly with the
impact of about 100 to 300 waves and continue rigorously up to about 1500 to 2000 waves
after which it is only a trickle up to 3000 waves. After 3000 waves, the breakwater profile

stabilised and there was no further displacement of stones.
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Plate. 5.13. Waves breaking at the submerged reef of protected breakwater

The maximum damage of the breakwater occurred in the area between SWL + H; and SWL -
H; due to run-down of the waves which is similar to the observation made by Kreeke (1969)

and Font (1970). All the displaced stones formed a berm just below SWL.

5.12 MEASUREMENTS

5.12.1 Measurement of wave heights

The incident and transmitted wave heights are recorded at Im seaward side and 1.0m leeside
of the reef and wave heights are also recorded at toe of the inner (main) breakwater. The
values of transmission coefficient (K,) are computed as the ratio of H, and H;. The statistics,
namely, the ranges of standard deviation and coefficient of variation of all wave heights (i.e.
incident and transmitted waves) recorded for all depths of water in the entire model tests of

the present study are listed in the Table. 5.7.

Table. 5.7. Statistics of all wave heights recorded

Depth of water Range of statistical parameters of wave heights
d (m) Standard  deviation 6 (m) | TCoefficient of variation C

0.30 0.09-0.17 0.0126-0.0229

035 0.11-0.2 0.0091- 0.0281

0.40 0.14 -0.21 0.0086 - 0.024

* Melby and Mlakar (1997) used a value of 0.52 in the reliability analysis of the breakwaters.
5.12.2 Measurement of wave run-up and run-down
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Wave run-up is measured as the maximum vertical distance above the SWL to which the
wave up rushes over the structure slope when a wave impinges on inner (main) breakwater.
The vertical distance below the SWL up to the minimum elevation attained by wave on the
breakwater slope is recorded as wave run-down. The wave run up and run down recorded
over the breakwater on the graduated scale fixed over the glass panels of the flume. The
statistics of all run up and run down recorded for the entire model tests of the present study

are listed in the Table. 5.8 and Table. 5.9 respectively.

Table. 5.8. Statistics of all run up values recorded

Depth of water Range of statistical parameters of run ups
d (m) Standard deviation ¢ (m) Coefticient of variation ¢
0.30 0.08-0.18 0.0074 - 0.0199
0.35 0.13-0.18 0.0093 - 0.0173
0.40 0.1-0.13 0.0102 -0.0112

Table. 5.9. Statistics of all run down values recorded

Depth of water Range of statistical parameters of run down
d (m) Standard  deviation ¢ (m) | Coefficient of variation ¢
0.30 0.1-0.18 0.0171 -0.0350
0.35 0.12-0.17 0.0144- 0.0293
0.40 0.12-0.19 0.012-0.0261
===

5.12.3 Measurement of breakwater damage

The depth of erosion assesses the damage. Plate. 5.14 gives the picture of the damaged
protected inner (main) breakwater. During sounding, the sounding rods of the surface profiler
are lowered so that their feet rest on the armour units of the breakwater. The height of the
markings on top of sounding rod above the wooden frame is measured. These heights are
recorded as the initial profile of the breakwater. Plate. 5.15 demonstrate the measurement of

damage of the breakwater using a surface profiler.
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Plate. 5.14. Damaged inner (main) breakwater

A breakwater surface profiling is under taken after 3000 waves or the exposure of secondary
layer whichever occurred earlier and is recorded as the final profile of the breakwater. The
difference between the heights at a point is treated as the height of erosion or accretion
depending on the height, measured after a test, is lesser than or greater than that before the
test. By knowing the depth of erosion, the area of erosion along the path of each sounding rod
is calculated. The average areas of erosion along the paths of nine sounding rods are taken as
the average area of erosion (A.). The damage level (S) of the main breakwater is calculated as

A./D? 0.

Plate. 5.15. Measurement of breakwater damage
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Chapter 6
Armour Stability of Conventional Breakwater and
Submerged Reef

6.1 GENERAL

A conventional non-overtopping rubble mound breakwater of uniform slope of 1V:2H is
designed and constructed with three layers namely primary armour, secondary armour and
core. This model section is tested for wave loads more than that of the design values. The
impact of higher waves (i.e. wave steepriess) on the run up, run down, stability of armour is
studied. Further this chapter explains the study conducted on the submerged reef to determine

the armour stability and wave transmission characteristics.

6.2 DETAILS OF MODEL STUDY OF CONVENTIONAL BREAKWATER

A 1:30 scale model of a breakwater, of trapezoidal cross section with a uniform slope of
1V:2H, is constructed on the flat bed of the flume with primary stone armour of weight of
73.2gms (i.e. nominal diameter, Dys0, of 0.0298m) for a non-breaking design wave of 0.1m.
Its crest width is 0.1m and height is 0.70m. The secondary armour of mean weight of about
7.32gm and core of size of about 300microns is designed. The porosities of the primary
armour, secondary armour and core are 43%, 39% and 36% respectively. The primary armour
units are painted with different colours and placed in bands of heights of 0.2m to 0.3m to
track their movement during damage. In the first phase this conventional breakwater model is

tested. The breakwater model characteristics are listed in Table. 5.3.

The model is constructed at a distance of 32m from the generator flap. The cross section of
breakwater denoting layers is drawn on the glass panel. Pipes are placed over the flume bed,
at the breakwater test section, to balance the water levels on seaside and leeside. The core
material is placed and formed to the required level by light compacting with hands. Then, the
secondary and the primary layer are constructed to the marked level. The technique adopted in
the present work is keyed and fitted placement. The primary armour layers are painted to
reduce the surface roughness. In the rubble mound breakwater model, the armour stones
placed around SWL are painted in white and in the zone above, it is the armour stones with

red colour while in the zone below, the stones were painted with black colour to reduce the

173

“Studies on Tandem Breakwater”, INCH, MoWR Spansored R&D Project, NATK, Surathkal — April 2008,



Chapter 6 Armour Stability of Conventional Breakwater and Submerged Reef

friction between the armour stones and identify the damage zone after the test. Further, the

details of breakwater model construction are explained in Chapter 5.

Before the model tests are started, the experimental set up along with the wave probes is
calibrated to find the required wave heights which, are assigned to a particular combination of
generator stroke and wave period, for depths of water of 0.3m, 0.35m and 0.4m. The model 1s
subjected to regular waves (H;) of height varying from 0.1m to 0.16m of a range of period (T)
varying froml.5sec to 2.5scc generated in water depths (d) of 0.3m to 0.4m. The model is
tested for varying wave characteristics as shown in Table. 5.4. The model is subjected to
normal attack of regular waves. The waves are generated in bursts of five waves with brief
interludes to allow reflected wave energy to dampen out. During the test the number of
incident waves, their heights and periods, wave run up and run down over the breakwater
slope and armour stone movements are recorded. Further, the details of test procedure are

explained in Chapter 5.

6.3 ANALYSIS AND INTERPRETATION OF DATA

The data collected in the present experimental work, like wave characteristics, wave run up
and run down and damage of armour stones is initially expressed in non-dimensional
quantities. The graphs of relative run up and run down versus deep water wave steepness
parameter (Hy/gT?), damage level (S) versus steepness parameter and stability number and
finally stability number versus surf similarity parameter (£) are plotted. The relationship

between the parameters is analysed through the graphs.

6.3.1 Influence of deep water wave steepness on run up and run down

The influence of deep water wave steepness parameter (Ho/( oT?), on relative run up (Ry/H,)
and run down (Rg/H,) for increasing ranges of depth parameter (d/gT?) i.e varying wave
climate in depths of water of 0.3m, 0.35m and 0.4m, is shown in Fig. 6.1 and Fig. 6.2
respectively. Both the relative run up and the run down, decrease with an increase in wave
steepness and there is no significant impact of d/gT?. For 1.45x10° < Hy/gT> < 7.85x10” and
all ranges of d/gTz, R/H, vary from 0.96 to 1.57. The best fit lines show a decrease of Ry/H,
from 1.557 to 1.136 (27%). Similarly, from the Fig. 6.2, it is seen that, the best fit line
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shows Ry/H, drop from 0.95 and 0.6 (36.84%), while, the extreme values vary between 0.95
and 0.56 for the complete range of Hy/gT”. Influence of depth is visible only for a depth of
water of 0.3m. In the present study, it is observed that, run up and run down are relatively
higher for 1.45x107 < HglgT2 <4x107, when, 4 < £ < 4.25. This is because, in this range of £,

surging breakers occur. The relative run up and run down are up to 18% and 32% lower than
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those given for the conventional breakwater (for d/H, > 3.0) by US Army Corps of engineers
(1984).

6.3.2 Influence of various parameters on breakwater stability

6.3.2.1 Influence of deep water wave steepness

The trends of increasing damage level (S) with wave steepness parameter (Hy/gT?) and ranges
of depth parameter (d/gT?), i.e. waves of different periods in each depth of water of 0.3m,
0.35m and 0.4m, are shown in Fig. 6.3. This is because steeper waves have higher energy and

inflict increased damage on the breakwater and higher depths can sustain steeper waves.
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Fig. 6.3. Variation of S with Hy/gT’

The impact of wave period also can be seen. Considering all the three ranges of dngz, the
damage levels (S) due to shorter period waves of 1.5secs (i.e. 4.77x107 < HD/gT2 <7.85x107)
are seen on right hand side of the figure, S for waves of period 2.5sec (i. e. 1.45x107 < Hn/gTz
< 2.46x107) are seen on the left hand side and for period of 2scc (i. e. 2.47x10™ < Hy/gT? <
4.1x10™) S are in the middle of the figure. It is also seen that influence of depths of water on
damage decreases with an increase in wave period. Figure shows large damage levels for
short period waves and the damage levels decrease with an increase in period. Considering all
the ranges of d/gT> (i.e. waves in all depths of water of 0.3m, 0.35m and 0.4m), the increase in

damage levels are 9 to 14.5 (61.1%), 10 to 14.23 (42.3%) and 8.3 to 10.80 (30.1%) for waves
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of periods of 1.5 sec, 2.0sec and 2.5sec respectively. Ranges of damage level S decreases with

an increase in period for all the ranges of d/gT>.

6.3.2.2 Variation with stability number

The damage level (S) of the breakwater increases with an increase in stability number (N;) for
different depth parameters (dngz), i.e varying wave periods in depths of water of 0.3m,
0.35m and 0.4m, as shown by best fit lines in Fig. 6.4, Fig. 6.5 and Fig. 6.6 respectively.
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Fig. 6.5. Variation of S with N ford =0.35m
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Fig. 6.6. Variation of S with N; for d = 0.40m

Considering 0.004 < d/gT? < 0.013 in the depth of water of 0.3m, maximum damage levels
increase from 8.3 to 10.0 (i.e. 20.48%), for 0.005 < d/gT* < 0.015 in depths of 0.35m, the
maximum damage levels increase from 10.8 to 13.4 (i.e. 24.07%) and for 0.006 < d/gT* <

0.018 in the depth of 0.4m they increase from 8.05 to 14.5 (i.e. 80.1%).

The zero damage wave heights (H,q), for 0.004 < d/gT* < 0.013, ( i. e a depth of 0.3m) and
wave periods of 1.5 sec, 2.0sec and 2.5sec are 0.1071m, 0.0765m and 0.0997m respectively.
The Hyg, for 0.005 < d/gT* < 0.015 (i.e. for a depth of 0.35m) and wave periods of 1.5 sec,
2.0sec and 2.5sec are 0.0908m, 0.0828m and 0.1081m respectively and for 0.006 < d/gT* <
0.018 (i.e. for a depth of 0.4m) and for wave periods of 1.5 sec, 2.0sec and 2.5sec, the H,4 are
0.0828m, 0.0694m and 0.0908m respectively. It is found that, for any given depth of water
(d), zero damage wave heights (H,q) are minimal at a wave period (T) of 2sec indicating least
breakwater stability. Zero damage wave heights are up to 30.6% lower and 8.1% higher than

the design wave of 0.1m.

6.3.2.3 Influence of surf similarity parameter on stability number
Fig. 6.7 shows the variation of zero damage stability number (N,) with surf similarity
parameter (&), for different ranges of depth parameter (d;’gTz) l.e. varying wave climate in

depths of water of 0.3m, 0.35m and 0.4m for the present study. The results are compared with
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those given by Thompsen et al. (1972). They showed that, minimum stability of a 1V:2H
sloped rubble mound breakwater occurred for 2 < £ < 3. According to Bruun and Gunbak
(1976), the failure of breakwater is caused by combinations of buoyancy, inertia and drag
forces supported by the effect of hydrostatic pressure from the core. These forces all seem to
reach their maximum value for lowest down rush which occurs at resonance. Bruun and
Gunbak (1976) observed that, this condition was reached for2 < £ < 3.0. In the figure, it is
observed that, for the present study, minimum stability of the conventional breakwater (i. e. S
—1.32 to 1.57 for waves of period 2sec in different depths of water) occurs for 4.3 <& <4.8.
This is because, in this range of & (i.e. for § > 3.3), surging breakers occur (Weisher and

Bymne 1978). In model study, during such condition,
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Fig. 6.7. Variation of Ny with £

it is found that run up is maximum and run down is relatively high and the armour stones are
disturbed and lifted by run up and pulled down the slope by the run down as stated by Ahrens
(1970).
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6.4 STUDIES ON SUBMERGED REEF

6.4.1 Study of reef armour stability

In the second phase, a 1:30 scale model of a trapezoidal reef, of slope 1V:2H, height (h) of
0.25m and crest width (B) of 0.1m is constructed over the flat bed of the flume with armour of
mean weight varying from about 15gms to 35gms as given by various design criteria (Ahrens
1984 and 1989, Gadre et al. 1992 and Nizam and Yuwono 1996 and Piarczyk and Zeidler
1996).

This test section is subjected to normal wave attack of 3000 regular waves of height ranging
from 0.1m to 0.16m, of periods varying from 1.5sec to 2.5sec in a depth of water of 0.3m as
the reef stability is critical at the lowest water level. The damage to the structure is recorded in
the form of reduction in crest height (h.). The graphs of dimensionless damage (hc/h) versus
spectral stability number (Ng*) illustrated in Fig. 6.8 show increasing damage with an
increase in stability number for armour stones of 15gm, 20gm and 25gm. The armour stones
of 35gm are stable however, it is seen that the armour stones of 30gms are relatively safer in
spite of some small damage. Therefore, it is concluded that, armour stone of mean weight

30gm (i.e. nominal diameter of 0.0221m) is safe for the submerged reef under test conditions.
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Fig. 6.8. Variation of he/h with Ng*
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6.4.2 Study of wave transmission at the reef

The submerged reef successfully trips the steeper waves and dissipates a major portion of the
wave energy. The effectiveness of reef in damping of waves increases with an increase in
wave steepness. Further, as the shoreward distance (X) increases, the transmitted waves loose
some more energy while propagating in the stilling basin (i.e. the energy dissipation zone). In
the present study the waves of 0.1m to 0.16m height and of periods of 1.5sec to 2.5sec are
generated in water depths of 0.3m to 0.4m and are passed over the submerged reef. The waves
break over the reef and the transmitted wave hei ghts are recorded for every metre up to 8.0m
on the leeside (i. e. X/d of 2.5 10 26.67). It is observed that up to a distance of 4m (i. e. X/d of
10.0 to 13.33) on the leeside, there is a maximum wave attenuation of about 49.5% beyond
which there is no significant increase in wave attenuation and the trend is similar. This is
close to the maximum wave height attenuation (WHA = 1- K)) of 50% observed in sea at a
natural bar (Battjes and Jansen 1978 and Cox and Clark 1992). Fig. 6.9 shows the best fit
lines for WHA obtained in the present study for varying deep water wave steepness parameter
and different ranges of distances (X/d) on the leeside. It can be seen from the figure that, for
1.45 x10” < Hy/gT?< 7.85 x10, the trend lines show WEHA increasing from 5% to 18%, 20%
to 33% and 32% to 44% for ranges of X/d 2.5 to 3.33, 6.25 to 8.33 and 10 to 13.33

respectively.
Xid
¢ 25-3.33
0O 6.25-8.33
A 10-13.33"
%WHA
10

H,/gT?x10™

Fig. 6.9. Variation of WHA with H_/gT?
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Therefore, it is concluded that the submerged reef should be located within a maximum

seaward distance of 4m (i. e. X/d of 10 to 13.33) from the breakwater as a protective structure

and further investigation could be carried out for determining the geometry and location of the

reef that protects the inner (main) breakwater totally for the test conditions adopted.

6.5 CONCLUSIONS

From the analysis and the interpretation of the data presented in this chapter, the following

conclusions are drawn.

6.5.1 Conclusions for conventional breakwater

1.

Both the relative run up (R./H,) and the run down (R4/H,), decrease with an
increase in wave steepness and there is no significant impact of depth parameter
d/gT?.

Considering the complete ranges of H,/gT* and d/ ¢T?, the maximum relative run
up (Ry/H,) and run down (Ry/H,) are respectively 1.57 times and 0.95 times the

deep water wave height.

. The relative run up and run down are up to 18% and 32% lower than those given

for the conventional breakwater by US Army Corps of engineers (1984).

The damage level S increases with increase in Hy/gT?, d/gT” and N.

The breakwater damages arc in the range of 1.5 to 10.0, 2.0 to 13.4 and 1.81 to
14.5 in the depths of 0.3m, 0.35m and 0.4m respectively.

Considering all the ranges of d/gT* (i.e. waves in all depths of water of 0.3m,
0.35m and 0.4m), the increase in damage levels are 9 to 14.5 (61%), 10 t014.23
(42.3%) and 8.3 to 10.80 (30.1%) for waves of periods of 1.5 sec, 2.0sec and
2.5sec (i.e. ranges of 4.7x10” < Hy/gT” < 7.85x107 , 2.5x10~ < H/gT> < 4.0x10?
and 1.45x107 < H,/gT? < 2.46x10°) respectively.

As the depth of water increases from 0.3m to 0.35m (i.e. 16.67%) the maximum
damage level of the breakwater increased from 10 to 13.4 (i.c. by 34%) and at a
depth of 0.4m (i.e. an increase of 33.3% w.r.t 0.3m) damage level increases from
to 14.5 (i.e. by 8.2%).

Considering 0.004 < d/gT* < 0.013 i.e. in the depth of water of 0.3m, maximum
damage levels increase from 8.3 to 10.0 (i.e. 20.48%), for 0.005 < d/gT? < 0.015

1.e. in depths of 0.35m, the maximum damage levels increase from 10.8 to 13.4
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(i.e. 24.07%) and for 0.006 < d/gT> < 0.018 i.e. in the depth of 0.4m they increase
from 8.05 to 14.5 (i.e. 80.1%).

9. Zero damage wave heights (H,4) are minimal at a depth of 0.4m and a wave period
(T) of 2 sec indicating least breakwater stabi lity.

10. Zero damage wave heights are up to 30.6% lower and 8.1% higher than the design
wave of 0.1m.

11. Minimum stability of the breakwater i. e. S = 1.32 to 1.57 occurs for4.3 < £ < 4.8,

6.5.2 Conclusions for submerged reef

1. The optimum armour stone weight for a stable reef is 30gm.

2. It is observed that up to a distance of 4m on the leeside of the reef, waves are
attenuated by about 49.5%, beyond which there is no significant increase in wave
attenuation.

3. Reef may be located within a maximum distance of 4m (i. e. X/d of 13.33) scaward
of the inner (main) breakwater for major experimental work of testing protected

breakwater.
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Chapter 7
Investigation of Protected Breakwater with a
Reef at a Spacing of 1m

7.1 GENERAL

A conventional non-overtopping rubble mound breakwater when subjected to attack of waves
higher than the design wave height, as in the case of storm waves, gets severely damaged.
Therefore, a protective structure to the breakwater is proposed to be designed. In this context,

it is decided to test a model of protected breakwater.

A conventional non~ovért0pping rubble mound breakwater of uniform slope of 1V:2H is
designed and constructed with primary stone armour, secondary stone armour and core. A
stable trapezoidal submerged reef is constructed on the seaward side of the main breakwater
at a distance (X) of 1m and this model is tested for varying wave climate. In this chapter the
influence of waves (i.e. wave steepness) on wave transmission at reef and on run up, run

down, stability of armour of the inner main breakwater is investigated.

7.2 DETAILS OF PHYSICAL MODEL STUDY

A 1:30 scale model of breakwater, of trapezoidal cross section with a uniform slope of 1V:2H
is constructed, at 32m from the generator flap, on the flat bed of the flume with primary
armour stone of weight of 73.2gms. A stable trapezoidal submerged reef having a slope of
1V:2H with a crest width (B) of 0.lm and height (h) of 0.25m is constructed, with
homogeneous pile of stones of 30gms weight (i.c. nominal diameter, daso of 0.0221m), on the
seaward side of the main breakwater at a distance (X) of 1.0m (i.e. X/d of 2.5 to 3.33).
Further, the details of breakwater model construction are explained in Chapter 5 and the

model characteristics are listed in Table 5.3.

Before the model tests are started, the experimental set up along with the wave probes is
calibrated to find the required wave heights which, are assigned to a particular combination of
generator stroke and wave period for depths of water (d) of 0.3m, 0.35m and 0.4m. The model
is subjected to regular waves of height varying from 0.1m to 0.16m of a range of period from
1.5sec to 2.5sec generated in water depths of 0.3m to 0.4m. Further, the details of breakwater

model test conditions and non-dimensional wave characteristics are shown in Table 5.4.
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During the test, the experimental data like incident wave characteristics, wave breaking, wave
transmission at reef, wave propagation in the stilling basin (i.e. energy dissipation zone), wave
run up and run down over the breakwater slope and armour stone movements are recorded.

Further, the details of breakwater test procedure are explained in Chapter 5.

7.3 ANALYSIS AND INTERPRETATION OF DATA

The data collected in the present experimental work is expressed in non-dimensional
quantitics. The variation of transmission coefficient (K,), relative run up (R,/H,) and run
down (R4/H,), damage level (S) etc., for varying parameters like stecpness Hn/(gTz) are
studied through graphs with respect to changing depth parameter d/(gT?), relative reef width
(B/L,) etc. The relationship between the parameters is analysed through the graphs.

7.3.1 Influence of various parameters on transmission coefficient

7.3.1.1 Influence of deep water wave steepness

Fig. 7.1 shows the best fit lines for variation of transmission coefficient K, with the deep
water wave steepness parameter (H,/gT?) for varying relative reef height (h/d). K, decreases

with an increase in Hy/gT* and (h/d).
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Fig. 7.1. Variation of K; with H,/gT”
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This is because submerged reef is efficient in breaking the steeper waves and efficiency in
breaking the waves increases with the increase in reef height. The influence of H./gT” on
wave breaking is minimal for h/d of 0.833 and 0.625 (i.e. the depths of 0.3m and 0.4m). K,
drops from 0.95 to 0.82 (13.68%), 0.95 to 0.87 (8.42%) and 1.0 to 0.94 (6.0%) for depths of
0.3m, 0.35m and 0.4m respectively. The average trend shows K; values higher than 0.8
whereas, actual K, varies between 0.82 and 1.0. This indicates that the wave height

attenuation (WHA =1 - K,) is up to 18%.

7.3.1.2 Influence of relative reef submergence

The transmission coefficient K, increases as relative reef submergence (F/H;) and depth
parameter (d/ gT?) increase. These trends are shown in Fig. 7.2, Fig. 7.3 and Fig. 7.4 for wave
periods of 1.5sec, 2sec and 2.5sec respectively. This is because, in deeper waters and
increasing reef submergence, waves break less at the submerged reef. For all wave periods, it
is observed that K, values are higher than 0.8. The present study shows gradually increasing
K, with the wave period. This is due to waves becoming less steep with increasing wave
periods and breaking lesser and lesser at the submerged reef. It appears that F/H; influences
the K, values in a depth of 0.3m more than other depths. From the figures it is seen that, for
the present configuration of the defenced breakwater, K; values are up to 20% higher than
those given by Cox and Clark (1992) while it is 10% to 67% higher than the K values
compared to those obtained by Van der Meer and d’ Angremond (1992), Cornett et al. (1993)
and d’ Angremond (1996). For -0.312 <F/H; <-1.5 and all ranges of d/gT?, K, increases from
0.826 to 1.0 (21%), 0.84 to 1.0 (19%) and 0.858 to 1.0 (16.55%) for 1.5sec, 2sec and 2.5sec
respectively. The overall variation of K, is from 0.82 to 1.0 (21.95%).

7.3.1.3 Influence of relative crest width

The variation of K, with crest width (B/L,) for increasing ranges of wave steepness parameter
(H'U/gTZ) i. e. for increasing wave heights of 0.1m, 0.12m 0.14m and 0.16m and periods
1.5sec, 2sec and 2.5sec, is shown by the best fit lines in the Fig. 7.5, Fig. 7.6 and Fig. 7.7 for
depths of water (d) of 0.3, 0.35 and 0.4m respectively. Generally it is observed that that for a
given depth, K, decreases with an increase in reef crest width (B/L,) and in range of wave
steepness. The reason is that as the reef crest widens the submerged reef increasingly
interferes with the passing wave and offers larger friction and shoaling and wave breaking

increases resulting in smaller wave transmission and as steepness increases, reef increasingly
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Fig. 7.4. Variation of K, with F/H; for T=2.5 sec

breaks the waves reducing K,. But for each depth, K, shows a different trend for the present

geometry of the protected breakwater. This may be due to smaller spacing X of 1m (i.e. X/d

of 2.5 to 3.33) between the structures which is the zone characterized by high degree of

mixing and turbulence, the water there has high content of air bubbles entrapped during the

wave breaking process and the geometry of the protected breakwater may also be responsible

for such a scenario.
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As the depth of water increases, K values rise for all ranges of steepness parameter and
difference between K, for different steepness parameters reduces. This shows that as d/ gT"'

(i.e. depth of water) increases the influence B/L, and Hy/gT” on K, gradually reduces.
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7.3.2 Influence of deep water wave steepness on wave run up and run down

The influence of deep water wave steepness parameter (Ho/ ¢T?) on relative run up (Ru/Ho)
and run down (R¢/H,), for increasing ranges of depth parameter (d/ gTz) i.e. for varying wave
climate in depths of water of 0.3m, 0.35m and 0.4m, is shown by best fit lines in Fig. 7.8 and
Fig. 7.9 respectively. For 1.45 x 10 < Hy/gT* < 7.85 x 107, maximum Ry/H, is 1.56 and the
maximum Rg/H, is 0.9. As Hy/ gT? varies over its entire range, in a depth of water of 0.3m (i.e.
0.004 < d!gfl"2 < 0.013 and -0.312 < F/H; <-0.5), Ry/H, and Ry/H, are 5% to15% lower and
17% to 28% lower respectively compared to that for a conventional (single) breakwater,
while, for other water depths; these are not much different from that of the conventional

breakwater.
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Fig. 7.8. Variationof R,/H,with H/gT’

73.3 Influence of various parameters on damage level

73.3.1 Influence of deep water wave stecpness

The trends of damage level (S) with varying wave steepness parameter (Hy/gT?) for increasing
ranges of depth parameter (d/gT?) i.e. increasing depths of water of 0.3m, 0.35m and 0.4m
and different wave periods of 1.5sec, 2sec and 2.5sec are shown in Fig. 7.10. The present
damage levels are compared with those of the conventional breakwater. The damage increases
with an increase in steepness for a particular range of d/ gT2. This is due to increasing energy
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Fig. 7.9. Variation of Ry/H, with Hy/gT?

of steeper waves. The damage increases with an increase in depth of water and increases with
a decreasing wave period. This is because higher water depths sustain larger waves and short
period waves disturb the displaced stones within a smaller time interval without allowing

them to settle.

The impact of wave period is clearly distinguishable. The damages in all depths of water due
to shorter period waves of 1.5secs (1. e. higher values of Hy/ gT?) are seen on right hand side of
the figure whereas, damage of longer period waves of 2.5sec (i. e. smaller values of Hy/gT?)
in all depths of water are seen on the left hand side and damages for waves of period of 2sec
are in the middle of the figure. Considering all the ranges of d/gT” (i.e as the depth of water
increases from 0.3m to 0.4m), for 4.77x10> < Hy/gT?> < 7.85 x107 i.e. wave periods of 1.5sec,
the maximum damage level increases from 6.78 to 13.89 (i.e. by 104.8%), for 2.5x107 <
H,/gT? < 4 x10” i.e. for 2sec, they rise from 5.9 to 12.6 (i.e. by 113.5%) and for 1.5x107 <
H(,/gT2 <246 x10~ i.e. for 2.5sec, the maximum damage level increases from 5.0 to 8.67 (i.e.

by 73.4%) respectively.
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7.3.3.2 Influence of reef submergence

The graphs in Fig. 7.11 show an increasing damage level (S) with increasing the reef
submergence (F/Hi) and depth parameter (d/gT>). This is because increasing reef
submergence indicated larger depths which sustain higher waves without much breaking.
Also we can see that impact of wave period is clearly discernible only in higher water depths
of 0.4m (on the extreme left side of the figure) where, it shows increasing damage with

shorter period waves.

The impact of depth of water is clearly visible in the figure as graphs for damages in depths of
0.3m and 0.4m, are appearing on right and left sides respectively and the damages in depth

0.35m are located in the middle.

For 0.004 < d/gT” < 0.0013 and -0.312 < F/H; < -0.5 (i.e. for d = 0.3m and h/d = 0.833), the
maximum damage levels increase from 5.0 to 6.78 (35.6%), for 0.005 < dng2 < 0.0015 and -
0.625 < F/H, < -1.0 (i.e. for d = 0.35m and h/d = 0.714), the maximum damage levels
increase from 7.18 to 12.35 (72%) and for 0.006 < d/gT? < 0.0018 and -0.94 < F/H; < -1.5
(i.e. for d= 0.4m and h/d = 0.625), the maximum damage levels increase from 8.67 to 13.89

(60.21%). As the depth of water increases from 0.3m to 0.35m (i.e. 16.67% ) or as the range
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of F/H; increases from -0.312 to -0.5 to the range of -0.625 to -1.0, the maximum damage
levels of the breakwater increased from 6.78 to 12.35 (i.e. by 82.1%) and at a depth of 0.4m
(i.e. an increase of 33.3% w.r.t 0.3m) or as the range of F/H; increases to -0.94 to -1.5, damage

level (S) increases to 13.89 (i.e. by 104.8%).
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Fig. 7.11. Variation of S with F/H;

The impact of depth of water is clearly visible in the figure as graphs for damages in depths of
0.3m and 0.4m, are appearing on right and left sides respectively and the damages in depth

0.35m are located in the middle.

For 0.004 < d/gT* < 0.0013 and -0.312 < F/H; < -0.5 (i.e. for d = 0.3m and h/d = 0.833), the
maximum damage levels increase from 5.0 to 6.78 (35.6%), for 0.005 < d/gT* < 0.0015 and -
0.625 < F/H, < -1.0 (i.e. for d = 0.35m and h/d = 0.714), the maximum damage levels
increase from 7.18 to 12.35 (72%) and for 0.006 < dJ’gT2 < 0.0018 and -0.94 < F/H; < -1.5
(i.e. for d= 0.4m and h/d = 0.625), the maximum damage levels increase from 8.67 to 13.89
(60.21%). As the depth of water increases from 0.3m to 0.35m (i.c. 16.67% ) or as the range
of F/H; increases from -0.312 to -0.5 to the range of -0.625 to -1.0, the maximum damage
levels of the breakwater increased from 6.78 to 12.35 (i.e. by 82.1%) and at a depth of 0.4m
(i.e. an increase of 33.3% w.r.t 0.3m) or as the range of F/H; increases to -0.94 to -1.5, damage

level (S) increases to 13.89 (i.e. by 104.8%).
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7.3.3.3 Influence of reef crest width

Fig. 7.12, Fig. 7.13 and Fig. 7.14 demonstrate the impact of reef crest width (B/L,) on
breakwater damage, for increasing ranges of Hy/ oT? i.e for increasing wave heights of 0.1m to
0.16m of different periods of 1.5sec, 2sec and 2.5sec in water depths (d) of 0.3m, 0.35m and
0.4m respectively. For all depths of water, the general trend is that, increasing damage with
reef crest widths (B/L,) for any given range of wave steepness. This is because for constant
reef crest width (B) of 0.1m, the increase in B/L, indicates decrease in L i.e. decreasing wave
periods and as already observed shorter period waves are relatively more damaging compared
to longer period waves. Graphs indicate that, damage increases with increase in steepness. It
is also seen that, the waves are more damaging with the increase in depth of water or decrease
of h/d. As 0.01 < B/L, < 0.0285 and considering all ranges of Ho/gT?, S increases from 0.32
t0 6.78, 0.55 to 12.35 and 1.31 to 13.89 for depths of 0.3m, 0.35m and 0.4m respectively.
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Fig. 7.12. Variation of S with B/L, ford=0.3m
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7.3.3.4 Influence of stability number
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The damage level (S) of the breakwater increases with an increase in stability number (N) for
all the depths of water (d) of 0.3m, 0.35m and 0.4m as shown in Fig. 7.15, Fig. 7.16 and Fig.

7.17 respectively. Best fit lines show that,
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Fig. 7.16. Variation of S with N; for d=0.35m
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The maximum damage levels increase from 5.0 to 6.78 (35.6%), 7.18 to 12.35 (72%) and 8.67
to 13.89 (60.21%) for the depths of 0.3m, 0.35m and 0.4m (i.e. h/d of 0.833, 0.714 and 0.625)

respectively.

The zero damage wave heights (H,q) decrease with an increase in depth of water (d)
indicating higher damage with increased depth. The zero damage wave heights (H,), for a
depth of 0.3m and for wave periods of 1.5 sec, 2.0sec and 2.5sec (i.e. d/gT? = 0.013, 0.007
and 0.004) are 0.113m, 0.1196m and 0.1262m respectively. These wave heights are 26.6% to
56% higher compared to conventional breakwater. The H,4 for a depth of 0.35m and for wave
periods of 1.5 sec, 2.0sec and 2.5sec are (i.e. d/gT’ = 0.015, 0.008 and 0.005) 0.1126m,
0.1187m and 0.1259m respectively which are 16.5% to 43% higher compared to conventional
breakwater. H,4 for a depth of 0.40m and for wave periods of 1.5 sec, 2.0sec and 2.5sec (i.e.
d/gT* = 0.018, 0.01 and 0.006) are 0.0847m, 0.0899m and 0.1133m respectively which are
2.3% to 29.5% higher compared to conventional breakwater. The damage levels of defenced
breakwater for depths of water of 0.3m, 0.35m and 0.4m are respectively 24.6% to 41%, 7.8%

to 33.5% and 4% to11% lower than the corresponding damages of conventional breakwater.
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7.3.3.5 Variation of surf similarity parameter on stability number
Fig. 7.18 shows the variation of zero damage stability number (N,q) and surf similarity

parameter (£) for increasing ranges of depth parameter (d/ oT?) i.e. increasing depths of water
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Fig. 7.18. Variation of N,gwith &

of 0.3m, 0.35m and 0.4m and different wave periods of 1.5sec, 2sec and 2.5sec. The values of
N,q for depths of water of 0.3m and 0.35m almost coincide which indicates that these depths
have identical impact on the stability. The results are compared with those given by
Thompsen et al. (1972). In the figure, it is observed that, minimum stability of the protected

breakwater in a depth of 0.4m i.e. S = 1.6 occurs for£=3.2.

7.4 CONCLUSIONS
From the present model study, the following conclusions are drawn.

1 The transmission coefficient (K;) decreases with increase in Hy/gT? and h/d and
decreases with decrease in F/H; and dngz. But the trend of variation of K, with B/L, is
unclear.

2. The influence of Hy/gT” on wave breaking is minimal for h/d of 0.833 and 0.625 (i.e.
the depths of 0.3m and 0.4m).

3. K, drops from 0.95 to 0.82 (13.68%), 0.95 to 0.87 (8.42%) and 1.0 to 0.94 (6.0%) for
h/d of 0.833, 0.714 and 0.625 i.c. depths of 0.3m, 0.35m and 0.4m respectively
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4. K, values are up to 20% higher than those given by Cox and Clark (1992) and 10% to
67% higher compared to those obtained by Van der Meer and d’Angremond (1992),
Cornett et al. (1993) and d’ Angremond (1996).

5. For -0.312 < F/H; < -1.5 and all ranges of dngz, K increases from 0.826 to 1.0
(21%), 0.84 to 1.0 (19%) and 0.858 tol.0 (16.55%) for 1.5sec, 2sec and 2.5sec
respectively.

6. The maximum run up and rundown are respectively 1.56 times and 0.90 times the
deep water wave height.

7. In a depth of water of 0.3m (i.e. 0.004 < d/gT* < 0.013 and -0.312 < F/H; < -0.5),
Ry/H, and Ry/H,, are 5% to15% lower and 17% to 28% lower respectively compared to
that for a conventional (single) breakwater, while, for other water depths; these are not
much different from that of the conventional breakwater.

8. Shorter period waves are relatively more damaging compared to longer period waves.

9. The damage level S increases with the increase in HolgTz, F/H;, dngZ, B/L, and
decrease in h/d.

10. As the depth of water increases from 0.3m to 0.35m (i.e. 16.67% ) or as the range of
F/H; increases from -0.312 to -0.5 to the range of -0.625 to -1.0, the maximum damage
levels of the breakwater increase from 6.78 to 12.35 (i.e. by 82.1%) and at a depth of
0.4m (i.e. an increase of 33.3% w.r.t 0.3m) or as the range of F/H; increases to -0.94 to
-1.5, damage level (S) increase to 13.89 (i.e. by 104.8%).

11. For 0.004 < d/gT” < 0.013 and -0.312 < F/H; < -0.5 (i.e. for d = 0.3m and h/d =
0.833), the maximum damage levels increase from 5 to 6.78 (35.6%), for 0.005 <
d;’gT2 < 0.015 and -0.625 < F/H; < -1.0 (i.e. for d = 0.35m and h/d = 0.714), the
maximum damage levels increase from 7.18 to 12.35 (72%) and for 0.006 < d/gT* <
0.018 and -0.94 < F/H; < -1.5 (ie. for d= 0.4m and h/d = 0.625), the maximum
damage levels increase from 8.67 to 13.89 (60.21%).

12. As 0.01 < B/L.< 0.0285, considering all ranges of Hr./gT2 , S increases from 0.32 to
6.78, 0.55 to 12.35 and 1.31 to 13.89 for depths of 0.3m, 0.35m and 0.4m (h/d of
0.833, 0.714 and 0.625) respectively.

13. Considering the complete variation Hy/gT” and all the ranges of d/gT? (i.e as the depth
of water increased from 0.3m to 0.4.), the maximum damage level increases from 6.78
to 13.89 (i.e. by 104.8%), 5.9 to 12.6 (i.e. by 113.5%) and 5.0 to 8.67 (i.e. by 73.4%)

for wave periods of 1.5sec, 2sec and 2.5sec respectively.
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14. Maximum damages to defenced breakwater are reduced by about 4% to 41%

compared to conventional breakwater.
I5. Zero damage wave heights are 2.3% to 56% higher than the conventional breakwater.

16. Minimum stability of the defenced breakwater i. e. 8 = 1.6 occurs for£=3.2.
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Chapter 8
Investigation of Protected Breakwater with a
Reef at a Spacing of 2.5m

8.1 GENERAL

In the model of protected breakwater, with seaward submerged reef located at Im from the
breakwater, the reef does not dissipate enough wave energy so as to protect the main
breakwater completely. Hence, it is decided to experiment with increased spacing (X)

between the structures to find the proper configuration of the defenced breakwater.

A stable 1V:2H sloped trapezoidal submerged reef of height (h) of 0.25m with a varying crest
width of 0.1m to 0.4m is constructed on the seaward side of the main breakwater at a distance
(X) of 2.5m (i.e. X/d of 6.25 to 8.33). This model section of the protected breakwater is tested
for regular waves and influence of waves (i.c. wave steepness) on wave transmission at reef as
well as on wave run up, run down and stability of armour of the inner (main) breakwater is

studied.

8.2 DETAILS OF PHYSICAL MODEL STUDY

A 1:30 scale model of a breakwater, of trapezoidal cross section with a uniform slope of
1V:2H is constructed, at 32m from the generator flap, on the flat bed of the flume with
primary stone armour of weight of 73.2gms. A stable trapezoidal submerged reef having a
slope of 1V:2H with a height (h) of 0.25m and crest width (B) of 0.1m, 0.2m, 0.3m and 0.4m
is constructed, with homogeneous pile of stones of 30gms weight (i.e. nominal diameter, dyso
0f 0.0221m), on the seaward side of the main breakwater at a distance (X) of 2.5m (i.e. X/d of
6.25 to 8.33). Further, the details of breakwater model construction are explained in Chapter 5

and the model characteristics are listed in Table 5.3.

Before the model tests are started, the experimental set up along with the wave probes is
calibrated to find the required wave heights which, are assigned to a particular combination of
generator stroke and wave period, for depths of water (d) of 0.3m, 0.35m and 0.4m. The
model is subjected to regular waves of height varying from 0.1m to 0.16m of a range of
periods of 1.5sec to 2.5sec generated in water depths of 0.3m to 0.4m. Further, the details of

breakwater model test conditions and non-dimensional wave characteristics are shown in
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Table 5.4. During the test, the experimental data like the incident wave characteristics, wave
breaking, wave transmission at reef, wave propagation in the stilling basin (i.e. energy
dissipation zone), wave run up and run down over the breakwater slope and armour stone
movements are recorded. Further, the details of breakwater test procedure are explained in

Chapter 5.

8.3 ANALYSIS AND INTERPRETATION OF DATA

The data collected in the present experimental work is expressed in non-dimensional
quantities. The variation of transmission coefficient (K, relative run up (Ry/H,) and run
down (R4/H,), damage level (S) etc., for varying parameters like steepness Ho/(gT?) are
studied through graphs with respect to changing depth parameter d/(gT?), reef width (B/L,)
etc. Their relationship is analysed through the graphs.

8.3.1 Protected breakwater with a reef of crest width (B) of 0.1m

(i. e. B/d=10.25 to 0.33)
83.1.1 Influence of various parameters on transmission coefficient
8.3.1.1.1 Influence of deep water wave sleepness
Fig. 8.1 shows the best fit lines for the variation of transmission coefficient K; with the deep
water wave steepness parameter (Ho/gT?) for different relative reef height (h/d). K, decreases
with an increase in Ho/gT” and increase in relative reef height (b/d). This is because
submerged reef is efficient in breaking the steeper waves and efficiency of wave breaking

increases with the reef height.

The influence of H,/gT? on wave breaking is almost the same for h/d of 0.833 and 0.714 (i.e.
for depths of water of 0.3m and 0.35m), and K; drops from 0.76 to 0.66 (13.1%) and 0.79 to
0.66 (16.4%) respectively for these h/d values. Whereas, for h/d of 0.625 (i.e. depth of water
of 0.4m), K, drops from 0.84 to 0.68 (19%). The graphs shows that K; values are higher than
0.66 whereas, actual K, varies between 0.66 and 0.84. The wave height attenuation increases

from 0 to 18% after breaking at the reef to 16% to 34% at the breakwater toe.
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Fig. 8.1. Variation of K, with Hy/, g".[2

8.3.1.1.2 Influence of relative reef submergence

The transmission coefficient K; increases as relative reef submergence (F/H;) and range of
depth parameter (d/ gTZ) increase for wave periods of 1.5sec, 2sec and 2.5sec as shown in Fig.
8.2, Fig. 8.3 and Fig. 8.4 respectively. For the above periods and -0.312 < F/H; < -1.5, K,
increases from 0.64 to 0.7 (9.4%), 0.696 to 0.8 (14.9%) and 0.71 to 0.84 (18.3%) respectively.
Figures also show that the wave transmission gradually increases with wave period.This is
due to waves becoming less steep with increasing wave periods and breaking lesser and lesser
at the submerged reef. Considering the complete ranges of d/gT” and variation of F/H; for all
the wave periods, the present K; values are 5% to 28% lower than Cox and Clark (1992), 9%
to 23% lower than those given by Comett et al. (1993), 30% to 55% higher than
d’Angremond (1996) and distributed around the values given by Van der Meer and
d’Angremond (1992) with an accuracy of 24%.
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8.3.1.1.3 Influence of vrelative reef crest width

The variations of K; with crest width (B/L,) for increasing ranges of wave steepness
parameter (Hy/gT?), i.e. increasing wave heights of 0.1m, 0.12m 0.14m and 0.16m of periods
1.5sec, 2sec and 2.5sec, for depths of water (d) of 0.3, 0.35 and 0.4m are shown in Fig. 8.5,
Fig. 8.6 and Fig. 8.7 respectively.

It is observed that for a given depth, K, decreases with an increase in reef crest width (B/L,)
and with an increase in range of wave steepness. K; drops from 0.76 to 0.66 (13.1%), 0.79 to
0.66 (16.4%) and 0.84 to 0.68 (19%) for for h/d 0f 0.833, 0.714 and 0.625 i.e. depths of 0.3m,
0.35m and 0.4m respectively. The trends of K, are similar for depths of 0.3m and 0.35m
whereas for a depth of 0.4m, it differs. As the depth of water increases, K, values rise for all
ranges of wave steepness for 0.01 < B/L, < 0.0285 and difference between the trends of K,
reduces for 1.75x107 < Hy/gT? < 5.89x107 and 2.04x10” < H,/gT* < 6.87x10" i.c. for wave
of height 0.12m and 0.14m.

205

“Studies on Tandem Breakwater”, INCH, MoWR Sponsored R&D Project, N.LT.K., Surathkal — April 2008,



Chapter 8 Investigation of Protected Breakwater with a reef at a Spacing of 2.5m

0.8 -
Ho/gT*x10°
0.75 A —— 1.45-4.77
— - 1.75-5.73
¥
— e 2.04 -6.69
Ut 7 —> - 233- 7.65
0.65 T . T T 1
0.005 0.01 0.015 0.02 0.025 0.03
B/L,
Fig. 8.5. Variation of K; with B/L, ford = 0.3m
2 -3
08 - H,/gT“x10
—— 1.5 -4.85
— - 1.8-5.82
.75 A
s —AN— 21-6.79
4 —_X - 24-7.76
0.7 -
065 T T T 1 1

0.005 0.01 0.015 0.02 0.025 0.03

BIL,
Fig. 8.6. Variation of K, with B/L, for d = 0.35m

206

"Studies on Tandem Breakwater”, INCH, MoWR Sponsored R&D Project, N.I.T.K., Surathkal — April 2008,



Chapter 8 Investigation of Protected Breakwater with a reef at a Spacing of 2.5m

0.85 - H,/gT?x1073
—_—— 1.54 - 4.91
085 Q- —0 - 1.85-5.89
o
—
Xo | O\ —A— 216-6.87
. - ~
¥ 0.75 4 X 5 B —> - 2.46-7.85
NN
- N
e
- " \\
0.7 SN E
0.65 . . : ; .
0.005 0.01 0.015 0.02 0.025 0.03
BiL,

Fig. 8.7. Variation of Kt with B/Lo for d = 0.4m

8.3.1.2 Influence of deecp water wave steepness on wave runup and run down

The influence of deep water wave steepness parameter (Ho/ 9T?) on relative run up (R,/H,)
and run down (Ry/H,), for increasing ranges of depth parameter (d/ gTz) l.e. varying wave
climate in depths of water of 0.3m, 0.35m and 0.4m, is shown by the best fit lines in Fig. 8.8
and Fig. 8.9 respectively. The results are compared with those for conventional (single)
breakwater. Both the run up and the run down, decrease with an increase in wave steepness

and decrease in the depth i.e. range of depth parameter.

The maximum relative run up and run down are respectively 1.24 times and 0.73 times the
deep water wave height for the range of variables considered in the present study. Considering
all the ranges Hy/gT?, relative run up for depths of water of 0.3m (i.e 0.004 < d/gT*< 0.013
and -0.312 < F/H; < -0.5), 0.35m (i.e. 0.005 < d/gT> < 0.015 and -0.625 < F/H; < -1.0) and
0.4m (i.e. 0.006 < d/gT* < 0.018 and -0.94 < F/H; < -1.5), relative run up are about 35% to
38.6% lower than those of a conventional (single) breakwater. Similarly, relative rundown for
depths of water of 0.3m, 0.35m and 0.4m are 23.5% to 30.8%, 16.6 to 17.6% and 6% to 15%

lower than those of a conventional (single) breakwater respectively.
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8.3.1.3 Influence of various parameters on damage level

8.3.1.3.1 Influence of deep water wave steepness

The graphs of Fig. 8.10 show increasing damage level (S) with increasing wave steepness
parameter (Hy/gT?) for increasing ranges of depth parameter (d/gT?) i.e. for depths of water of
0.3m, 0.35m and 0.4m and different wave periods. This is due to increasing energy of steeper
waves. The present damage levels are compared with those of conventional (single)
breakwater. It also indicates that the breakwater damage increases with decrease in relative

reef height h/d.
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Fig. 8.10. Variation of S with H /¢T"

The impact of wave period is clearly distinguishable as damages are grouped from right to left
for the increasing period of 1.5sec, 2sec and 2.5sec. Damages at 0.004 < d/gT? < 0.013 ie.
depth of water of 0.3m are nil. For 0.005 < dz’gT?' < 0.015 (i.e. depth of 0.35m) and 1.5x1 07 <
Hy/gT? < 7.76x107, damage level (S) are 6.28, 4.94 and 3.58 for wave periods of 1.5sec, 2sec
and 2.5sec respectively. Similarly, For 0.006 < dngZ < 0.018 (i.e. depth of 0.4m) and
1.54x10” < Hy/gT* < 7.85x107, damage level (S) are 8.7, 7.06 and 5.31 for wave periods of
1.5sec, 2sec and 2.5sec respectively. As the depth of water increased from 0.35m to 0.4m (i.e.
14.3%), for the wave period of 1.5sec, the maximum damage level S increases from 6.28 to

8.7 (i. e. a rise of 38.5%), and it increases from 4.94 to 7.06 (i. e. arise 0f 42.9%) for the wave
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period of 2.0sec while maximum damage level S rises from 3.58 to 5.31 (i. e. arise of 48.3%)

for a wave period of 2.5sec.

83.1.3.2  Influence of reef submergence

The graphs in Fig. 8.11 show an increasing damage level (S) with the reef submergence (F/H;)
for varying depth parameter (d/gT>). This is because increasing reef submergence indicated
larger depths which sustain higher waves without much breaking. Also we can see that impact
of wave period is clearly discernible, where, it shows increasing damage with shorter period
waves for a given depth. The impact of depth of water on stability is clearly visible from the
figure as damages are grouped from right to left for depths of 0.3m, 0.35m and 0.4m.
Damages are nil for 0.004 < d/gT>< 0.013 (i.e. a depth of 0.3m and h/d = 0.833) and -0.312 <
F/H; < -0.5. For 0.005 < d/gT*< 0.015 (i.e. depth of 0.35m and h/d = 0.714) and -0.625 < F/H;
< -1.0, maximum damage levels increase from 3.58 to 6.28 (75.4%) and for 0.006 < d/gT? <
0.018 (i.e. depth of 0.4m and h/d = 0.625) and -0.94 < F/H; < -1.5, maximum damage levels
increase from 5.31 to 8.7 (63.8%).
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Fig. 8.11. Variation of S with F/H;

8.3.1.3.3 Influence of reef crest width

Fig. 8.12 and Fig. 8.13 demonstrate the impact of reef crest width (B/L,) on damage levels (S)
of the breakwater, for increasing ranges of H,/gT" i.e. for increasing wave heights of 0.1m to
0.16m of different periods of 1.5sec, 2sec and 2.5sec in water depths (d) of 0.35m and 0.4m

respectively. For all depths of water, the general trend is increasing damage with reef crest
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widths (B/L,) for any given range of wave stecpness. This is because for a constant reef crest

width (B) of 0.1m, the increase in B/L, indicates decreasing L, i.e. decreasing wave periods

and as already observed shorter period waves are relatively more damaging compared to

longer period waves.
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Graphs also indicate that, steeper waves are increasingly damaging the main breakwater. It is
also seen that, the waves are more damaging with the increase in depth of water. For
increasing ranges of Hy/gT” in a depth of 0.35m, where, 0.01 < B/L, < 0.0285, damage level S
rises from 0.0 to 6.28. Similarly, in a depth of 0.4m S increases from 0.577 to 8.7.

8.3.1.3.4 Influence of stability number

Damages are negligible for a depth of water of 0.3m. The damage level (S) of the breakwater
increases with an increase in stability number (N,) for the depths of water (d) 0.35m and 0.4m
as shown by the best fit lines in Fig. 8.14 and Fig. 8.15 respectively. The zero damage wave
heights (H,q) for depth of water of 0.35m and for wave periods of 1.5 sec, 2.0sec and 2.5sec
are 0.1277m, 0.1457m and 0.1707m respectively which are 40% to 75% higher compared to
conventional breakwater. H,q for a depth of 0.40m and for corresponding wave periods of 1.5
sec, 2.0sec and 2.5sec are 0.09m, 0.1125m and 0.135m respectively which are 8.7% to 62%
higher compared to conventional breakwater. It is found that, H,; decrease with an increase in
depth of water (d) from 0.35m to 0.4m indicating higher damage with increased depth. The
damage levels of protected breakwater for depths of water of 0.35m and 0.4m are lower by

53% to 66% and 40% to 50% respectively compared to those of conventional breakwater.
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8.3.1.3.5 Influence of surf similarity parameter on stability number

Thompsen et al. (1972) showed that, minimum stability of a 1V:2H sloped rubble mound
breakwater occurred for surf similarity parameter 2 < £ < 3. Bruun and Gunbak (1976) write
that the failure of the breakwater is caused by combinations of buoyancy, inertia and drag
forces supported by the effect of hydrostatic pressure from the core and these forces reach
their maximum value for lowest down rush which occurs at resonance for 2 < £ < 3. Fig. 8.16
shows the variation of zero damage stability number (N,q) and surf similarity parameter (£)
for varying wave climate in depths of water of 0.35m and 0.4m i.e. increasing ranges of depth
parameter (d/gT?). The results are compared with those given by Thompsen et al. (1972). For
the present study, it is observed that N4 increases with £. This is because H,4 increases with £.

It is seen that minimum stability of the breakwater i. . N,y = 1.71 occurs for a £ value of 3.11.

8.3.1.4 Conclusions
Based on the above discussions, the following conclusions are drawn.
1. The transmission coefficient (K;) decreases with increase in Hy/gT?, B/L, and h/d

and decreases with decrease in F/H, and d/gT?. K, varies from 0.66 to 0.84.
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2. As 1.45x10° < Hy/gT* < 7.85x107 and 0.01 < B/L, < 0.0285, K, drops from 0.76 to
0.66 (13.1%), 0.79 to 0.66 (16.4%) and 0.84 to 0.68 (19%) for h/d of 0.833, 0.714
and 0.625 (i.e. depth of water of 0.3, 0.35 and 0.4m) respectively.

3. For -0.312 < F/H; < -1.5 and all depths, K, increases from 0.64 to 0.7 (9.4%), 0.696
to 0.8 (14.9%) and 0.71 to 0.84 (18.3%) for wave periods 1.5sec, 2sec and 2.5sec,
respectively.

4. Considering the complete ranges of d/gT* and F/H; for all the wave periods, the
present K; values are 5% to 28% lower, 9% to 23% lower, 30% to 55% higher than
Cox and Clark (1992), Cornett et al. (1993) and d’Angremond (1996) respectively
and distributed around the values given by Van der Meer and d’Angremond (1992)
with an accuracy of 24%.

5. The maximum run up and run down are respectively 1.24 times and (.73 times the
deep water wave height for the range of variables considered in the present study:.

6. Run up and rundown are reduced 35% to 38.6% and 6% to 30.8% respectively

compared to conventional breakwater.
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7. The damage level S increases with the increase in Hﬂ/gTz, F/H;, ngTz, B/L, and
decrease in h/d.

8. Damages at depth of water of 0.3m (0.004<d/gT?<0.013, h/d = 0.833) are nil.

9. As the depth of water increases from 0.35m to 0.4m (i.e. 0.005<d/gT?<0.015 to
0.006<d/gT?<0.018) and 1.45x10-3 < H,/gT* < 7.85x10-3, the maximum damage
level increases from 6.28 to 8.7 (1. e. a rise of 38.5%), 4.94 to 7.06 (1. e. 42.9%) for
3.58 to 5.31 (i. e. 48.3%) for a wave period of 1.5sec, 2sec and 2.5sec respectively.

10. For 0.005<d/gT2<0.015 and -0.625 < F/H; < -1.0 (i.e. for d = 0.35m, h/d=0.714),
maximum damage level rises from 3.58 to 6.28 (75.4%) and for 0.006<d/gT2<0.018
and -0.94 < F/H; < -1.5 (i.e. for d=0.4m, h/d=0.625), maximum damage level rises
from 5.31 to 8.7 (63.8%).

11. As B/L, increases from 0.01 to 0.0285 and considering all ranges of Hu/gTz, damage
level increases from 0 to 6.28, 0.577 to 8.7 for depths of 0.35m and 0.4m
respectively.

12. At the depth of water of 0.35m the maximum damage level of the breakwater
increases from 3.58 at 2.5sec to 6.28 at 1.5sec (i. e. a rise of 75.4%) and similarly at
a depth of 0.4m (i.e. increase of 14.3% w.r.t 0.35m) damage level increases from
5.31 to 8.7 (i. e. 63.8% ).

13. Damages at depths of water of 0.35m and 0.4m are 40% to 66% less compared to
corresponding damages to conventional breakwater.

14. Zero damage wave heights are 8.7% to 75% higher than the conventional
breakwater.

15. Minimum stability of the breakwater 1. e. S = 1.71 occurs for a £ value of 3.12.

8.3.2 Protected breakwater with a reef of crest width (B) of 0.2m

(i. e. B/d =0.50 to 0.67)
8.3.2.1 Influence of various parameters on transmission coefficient
8.3.2.1.1 Influence of deep water wave steepness
Fig. 8.17 shows the best fit lines for variation of transmission coefficient K; with the deep
water wave steepness parameter (H,/gT?) for varying relative reef height (h/d). K, decreases
with an increase in HO/gT2 and increase 1n relative reef height (h/d). K, decreases from 0.57 to
0.43 (24.6%), 0.75 to 0.53 (29.3%) and 0.887 to 0.6 (32.6%) for h/d of 0.833, 0.714 and 0.625
i.c. for depths of water of 0.3m, 0.35m and 0.4m respectively where 1.45x107 < Hy/gT’ <

7.85x107. This indicates that the wave height attenuation achieved is about 11% to 57%.
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Fig. 8.17. Variation of K, with Hy/gT"

8.3.2.1.2 Influence of vrelative reef submergence

The transmission coefficient K, increases as relative reef submergence (F/H;) and the range of
depth parameter (d/gT?) increases for wave periods of 1.5sec, 2sec and 2.5sec as shown in
Fig. 8.18, Fig. 8.19 and Fig. 8.20 respectively. This is because, in deeper waters and
increasing reef submergence, waves break less at the submerged reef. Figures also show that
the wave transmission gradually increases with wave period. The present study shows
gradually increasing K; with the wave period. The present K, values are well predicted by
criteria given by d’Angremond (1996) for periods of 1.5sec and 2sec and by Van der Meer
and d’Angremond (1992) for 2.5sec. For 1.5sec and 2sec, K; values are 38% to 41% lower,
23% lower and upto 17.3% lower than Cox and Clark (1992), Cornett et al. (1993) and Van
der Meer and d’Angremond (1992) respectively. For 2.5sec, K, values are 25% to 40% lower,
23% lower and  16% to 33% higher than Cox and Clark (1992), Cornett et al. (1993) and
d’Angremond (1996) respectively. Considering the increasing ranges of d/gT* and F/H,, K,
increases from 0.43 to 0.7 (62.8%), 0.43 to 0.72 (67.4%) and 0.49 to 0.887 (81%) for a wave

period of 1.5sec, 2sec and 2.5sec respectively.
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Fig. 8.20. Variation of K, with F/H; for T =2.5 sec

8.3.2.1.3 Influence of relative reef crest width

The variation of K; with crest width (B/L,) for increasing ranges of wave steepness parameter
(HG/gT?") i.e. for increasing wave heights of 0.1m, 0.12m, 0.14m and 0.16m and periods
1.5sec, 2sec and 2.5sec in depths of water (d) of 0.3, 0.35 and 0.4m is shown in the Fig. 8.21,
Fig. 8.22 and Fig. 8.23 respectively.

It is observed that for depth 0.3m and 0.4m, K, decreases with an increase in B/L, and with an
increase in range of Hy/gT”. But for a depth of 0.3m the freeboard (F) is quite small and wider
reef crest increasingly interferes in the wave field resulting in different distribution of K. It is
also observed that impact of B/L,, for values higher than 0.0325, is not significantly felt by
waves for depths of 0.35m and 0.4m. K, decreases from 0.57 to 0.43 (24.6%), 0.75 to 0.53
(29.3%) and 0.887 to 0.6 (32.6%) for depths of water of 0.3m, 0.35m and 0.4m respectively.

This shows that K, values and its variation increases with an increase in depth of water.
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8.3.2.2 Influence of deep water wave steepness on wave run up and run down
The influence of deep water wave steepness parameter Hy/gT” on relative run up (Ry/H,) and

run down (Ro/H,) is shown by best fit lines in Fig. 8.24 and Fig. 8.25 respectively for varying

10 -
] dign?
] Single
0.004 - 0.013
T 0.005 - 0.015
€ 0.006 - 0.018
0.1 : : —————y
1 10

Ho/gT%x 10

Fig. 8.24. Variation of R,/H, with H,/ g-T2
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Fig. 8.25. Variation of RyH, with H,/gT"

ranges of depth parameter (d/gT?) i.e. varying wave climate in depths of water of 0.3m, 0.35m
and 0.4m. Both the relative run up and the rundown, decrease with an increase in wave
steepness and range of depth parameter, The maximum run up and run down are respectively
1.06 times and 0.54 times the deep water wave height for the range of variables considered in
the present study. The results are compared witH those of the conventional (single)
breakwater. Considering all the ran ges Hy/gT, relative run up for depths of water of 0.3m (i.e
0.004 < d/gT% < 0.013 and -0.312 < T/, < -0.5), 0.35m (i.e. 0.005 < d/gT? < 0.015 and -0.625
<F/H;i <-1.0) and 0.4m (i.e. 0.006 < d/gT < 0.018 and -0.94 < F/H; < -1.5) relative run up are
lower by 47% to 48.7%, 37.5% to 47.2%, 37.5% to 43.6% than corresponding values for
conventional (single) breakwater. Similarly run down for depths of water of 0.3m, 0.35m and
0.4m are respectively lower by 61% to 75%, 38.8% to 61.6%, and 38.5% to 41.6% than that

for conventional breakwater.

8.32.3 Influence of various parameters on damage level

8.3.23.1 Influence of deep water wave steepness | _

Fig. 8.26 shows the trends of damage level (8) with varying wave steepness parameter
(Ho/gT?) for increasing ranges of depth parameter (df_gTz) L.e. increasing depths of water of

0.3m, 0.35m and 0.4m and different wave periods of 1 .3sec, 2sec and 2.5sec.
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The results are compared with those of the conventional breakwater. At 0.004 < d/gT? 0.013
and 0.005 < d/gT* < 0.015 i, e. at depths of water of 0.3m and 0.35m and h/d of 0.833 and
0.714, damages to the breakwater are nil and negligible respectively. For the present
configuration of the model; the damage occurs only at 0.006 < d/gT* < 0.018 and 4.9 x107 <
Ho/gT? < 7.85x107% i.e. for waves of 1.5sec period in a depth of water of 0.4m and b/d of
0.625. At this depth, a damage level of 3.06 and 3.4 is observed respectively for waves 0,14m
and 0.16m of period [.5sec which damages are 75.42% to 76.55% lower compared to

conventional breakwater,

83232  mfluence of reef submergence

The graph in Fig. 8.27 shows variation of the damage level (S) with the reef submergence
(F/H;) for varying depth parameter (dngz'). The breakwater damages for waves in depths of
water of 0.3m and 0.35m (W/d = 0.833, 0.714) are nil and negligible respectively. The
noticeable damage to the structure ocours only for d/gT? of 0.018, -0.94 < F/H; < -1.5 and 4.9
x10° <Hy/gT” < 7.85x107 in a depth of water of 0.4m (h/d = 0.625). Maximum damage (S)
of 3.4 is observed.
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Fig. 8.27. Variation of S with F/H;

8.3.2.3.3 Influence of reef crest width

Fig. 8.28 demonstrates the impact of reef crest width (B/L,) on breakwater damage, for
increasing ranges of H./gT> water depths (d) of 0.4m. From the fi gure it can be seen that for
0.02 < B/L, < 0.057, breakwater damage is observed only for a wave period of 1.5sec. It can
also be seen that the damage is negligible for relatively smaller ranges of wave Steepness of
1.54x10° < Hy/gT? < 4.91x10° and 1.85 x10° < Hy/gT? < 5.89x107 and.BfLo < 0.0325 and
then damage level increases to a value up to 3.06 and 3.4 for a wave of 0.14m and 0.16m
respectively. Though the reef geometry successfully breaks the waves, it is not completely

protecting the inner (main) breakwater.
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Fig. 8.28. Variation of S with B/L,, for d = 0.4m

8.3.23.4 Influence of siability number

The damage level (S) of the breakwater increases with an increase in stability number (N) for
d/gT? of 0.018 i.e. waves of petiod of 1.5sec in a depth of water (d) of 0.4m, as shown by the
best fit line in Fig. 8.29. The breakwater damage is noticeable only for waves of height of
0.14m and 0.16m. The zero damage wave height at this condition is 0.1328m which is
60.38% higher than that for conventional breakwater.
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31 ¢ 0.018
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Fig. 8.29. Variation of § with N for d = 0.40m
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8.3.23.5 Influence of Swf simtilarity parameter on stability number

Fig. 8.30 shows the of zero damage stability number (Nza) of 2,57 for a surf similarity

parameter (£) of 2.52 obtained for waves of peried 1.5sec in a depth of 0.4m. This result is

compared with those given by Thompsen etal.(1972),
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Fig. 8.30. Variation of N,y with £

8.3.2.4 Conclusions

From the present model study the following conclusions are drawr.

1.

The transmission coefficient (Ky) decreases with increase in Ho/gT?, B/L, aﬁd h/d
and decreases with decrease in F/H; and d/gT?,

K drops from 0.57 to 0.43 (24.6%), 0.75 to 0.53 (29.3%) and 0.887 10 0.6 (32.6%)
for bvd of 0.833, 0.714 and 0.625 (ie. depth of water of 0.3, 0.35 and 0.4m)
respectively for 1.45x107 < Ho/gT? < 7.85x10° and 0.02 < B/L, < 0.057.

K varies between 0.43 and 0.89 for the test parameters considered in the present
study,

For -0.312 < F/H; < -1.5 and all the depths of water, K, increases from 0.43 to 0.7
(62.7%), 0.43 to 0.72 (67%) and 0.49 to 0.887 (81%) wave periods of 1.5sec, 2sec

and 2.5sec respectively.

The present K, values are well predicted by criteria given by d’Angremond ( 1996)
for periods of 1.5sec and 2sec and by Van der Meer and d’Angremond (1992) for
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2.5sec. For 1.5sec and 2sec, K, values are 38% to 41% lower, 23% lower and up to
17.3% lower than Cox and Clark (1992), Comett et al. ( 1993) and Van der Meer and
&’ Angremond (1992) respectively. For a wave period of 2.5sec, K; values are 25% to
40% lower, 23% lower and 16% to 339, higher than Cox and Clark (1992), Cormett
ot al. (1993) and d’ Angremond (1996) respectively.

6. The maximum run up and run down are respectively 1.06 times and .54 times the
deep water wave height.

7. Relative run up and run down are 37.5% to 48.7% and 38.5% to 75% lower than
those of conventional breakwater for the parameters considered in the study.

8. At depths of 0.3m and 0.35m (h/d=0.833, 0.714), damages to are nil and negligible
respectively. _

9. Damages S of 3.06 and 3.4 occur at 0.006 < dngz% 0.018 i.e. in depth of water of
0.4m (h/d = 0.625) which are 75.42% and 76.55% lower compared to conventional
breakwater. |

10, Zero damage wave heights.are 60.38% higher than the conventional breakwater.

11. Zero damage stability number (N,q) of 2.57 for a surf similarity paraméter (&) of
2.52 obtained for 0.006 < d/gT* < 0.018 i.e. for waves of period 1.5sec in a depth of
0.4m. '

8.3.3 Protected breakwater with a reef of crest width (B) of 0.3m

(i. e. B/d=0.750 to 1.0) |
8.3.3.1 Influence of various parameters on transmission coefficient
8.3.3.1.1 Influence of deep water wave steepness
Fig. 8.31 illustrates the hest fit lines for variation of transmission coefficient K with the déep
water wave steepness parameter (Ho/gT?) for varying relative reef height (h/d). K; decreases
with an increase in H,/gT? and increase in relative reef height (h/d). K, drops from 0.53 to 0.4
(27.27%), 0.62 to 0.48 (22.58%) and 0.8 to 0.48 (40%) for h/d of 0.833, 0.714 and 0.625 i.e.
for depths of water of 0.3m, 0.35m and 0.4m respectively. Whereas, the average trend shows
a variation of K; in the ranges of 0.48 to 0.46, 0.62 to 0.5 and (.75 to 0.56 for the same
depths. The wave height attenuation achieved for the present configuration of the protected
breakwater is 20% to 60%. It can be inferred that with an increase in relative reef height (h/d),

wave damping increases and the influence of wave steepness on X, gradually reduces.
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Fig. 8.31. Variation of K, with H /gT*

8.3.3.1.2 Influence of relative reef submergence
The transmission coefficient K, increases as relative reef submergence (F/H;) and the range of
depth parameter (d/gT?) increases for wave periods of 1.5sec, 2sec and 2.5sec which is

illustrated in Fig. 8.32, Fig. 8.33 and Fig. 8.34 respectively.
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Fig. 8.32, Varationof K; with F/H; for T =1.5 sec
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Fig. 8.34. Variation of K, with F/H; for T =2.5 sec

Figures show almost similar trends of K; which is represented by d’Angremond (1996) with
an accuracy of 20%, Présent K values are lower by 36% to 46%, 11% to 21%, up to 30.5%
than those of Cox and Clark (1992), Comett et al. (1993) and Van der Meer and
d’Angremond (1992} respectively.

228

“Studies on Tandem Rreakwater”, INCH, MoWR Spongored R&D Project, NLT K., Surathkal — Aprif 2008,




Chapter 8 Investigation of Protected Breakwater with a reef at a Spacing of 2,5m

For -0312 < F/H; < -1.5, all the ranges of the depth parameter (dngz) consideréd, K;
increases from 0.43 to 0.71 (65.1%), 0.4 to 0.7 (75%) and 0.41 to 0.8 (95.1%) for wave period

of 1.5sec, 2sec and 2.5sec respectively.

8.3.3.1.3 Influence of relative reef crest width

Fig. 835, Fig. 8.36 and Fig. 8.37 illustrate the variation of K, with relative reef crest width
(B/L,) for different wave steepness parameters (Ho/gT?) i.e. for increasing wave heights and
periods for depths of water (d) of 0.3m, 0.35m and 0.4m respectively. It is observed that for a
given depth, K; decreases with increase in B/L, and range of Hy/ 2T”. But this is observed only
for a depth of 0.35m as shown in Fig. 8.36. It is also seen that at value B/L, of 0.048, the
nature of variation of K; changes. After this point, while K, drops for a depth of 0.35m (refer
Fig. 8.36), it remains almost constant for depths of 0.3m and 0.4m as demonstrated by Fig.
8.35 and Fig. 8.37,
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Fig. 8.35. Variation of K, with B/L, ford = 0.3m
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Fig. 8.37. Variation of K, with B/L,ford =0.4m

8.3.3.2 Influence of deep water wave steepness on wave runup and run down

Fig. 8.38 and Fig. 8.39 reveal the influence of deep water wave steepness parameter (Hy/(gT%)
on relative run up (Ry/Hy) and run down (Ry/H,) respectively, by best fit lines, for varying
wave climate in depths of water of 0.3m, 0.35m and 0.4m i.e. increasing ranges of d/gT?. The

results are compared with those for conventional (single) breakwater. The maxirum run up
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and run down are respectively 0.97 times and 0.44 times the deep water wave height for the

range of variables considered in the present study.
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Fig. 8.39. Variation of Ry/H, with H,/gT*
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For 1.45x10” < Hy/gT? < 7.85x10° and 0.004 < d/gT? < 0.013, 0.005 < d/gT? < 0.015 and
0.006 < d/gT” < 0.018 i.e. for depths of water of 0.3m, 0.35m and 0.4m and F/H; is varied in
different ranges between -0.312 and -1.5, relative run up are respectively 53% to 55%, 36% to
53% and 36% to 47% less than less than that for conventional breakwater. Similarly, for the
same range of parameters, relative run down are 67% to 73%, 51% to 68% and 51% to $5%

lower than that for conventional breakwater.

8.3.3.3 Influence of various parameters on damage level

83.3.3.1 Influence of deep water wave steepness

The trends of damage level (S) with varying wave steepness parameter (H,/gT?) for Increasing
ranges of depth parameter (d/gT?) i.e. increasing depths of water of 0.3m, 0.35m and 0.4m
and different wave periods of 1.5sec, 2sec and 2.5sec are shown in F ig. 8.40. From the figure
it is seen that, at all depths of water, damages to the inner (main) breakwater are nil.
Therefore, the present geometry of iarotected breakwater is such that, it is completely

sheltered from all the waves and the structure is totally safe for test conditions selected,
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Fig. 8.40. Variation of § with H,/gT’
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8.3.3.4 Conclusions

From the present study, the following conclusions are drawn.

1.

The transmission coefficient (K) decteases with increase in Ho/gT?, B/L, and h/d
and decreases with decrease in F/H; and d/gT>

K. drops from 0.55 to 0.4 (27.27%), 0.62 to 0.48 (22.58%) and 0.8 to 0.48 (40%) for
h/d of 0.833, 0.714 and 0.625 (i.e. depth of water 0f 0.3, 0.35 and 0.4m) respectively
as 1.45x107 < Hy/gT?< 7.85x107 and 0.03 < B/L, < 0.0855.

3. K, varies between 0.4 and 0.8 for the test parameters considered in the present study.

10.

For all the ranges of relative reef submergence F/H; and depth parameter d/gT>
considered, K, increases from 0.43 to 0.71 (65.1%), 0.4 to 0.7 (75%) and 0.41 t0 0.8
(95.1%) for wave period of 1.5sec, 2sec and 2.5sec respectively.

K values are represented by d’ Angremond (1996) with an accuracy of 20%. Present
K values are lower by 36% to 46%, 11% to 21%, up to 30.5% than those of Cox and
Clark -(1992), Cornett et al. (1993) and Van der Meer and d’Angremond (1992)
respectively. |

K decreases with increase in B/L, and range of Hy/gT%. But this is cbserved only for
a depth of 0.35m as shown. |

The maximum run up and run down are respectively 0.97 times and 0.44 times the |
deep water wave height.

For the parameters considered in the study, the relative run up and run down are
36% to 55% lower and 51% to 73% lower compared to that of the conventional
breakwater.

The breakwater damages are nil for all the test parameters considered. Therefore, the
protected breakwater is completely sheltered from all the waves and the structure is
totally safe for test parameters considered.

This geometry of the protected breakwater could be an optimum as the inner (main)
breakwater is totally sheltered from any kind of damage for the complete ranges of

all the test parameters considered.
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8.3.4 Protected breakwater with a reef of crest width (B) of 0.4m

(ie. B/d=1.0 to 1.33)
8.3.4.1 Influence of various parameters on transmission coefficient
8.3.4.1.1 Influence of deep water wave steepness
Fig. 8.41 illustrates the variation of transmission coefficient K, with the deep water wave
stespness parameter (Hy/gT?) through the best fit lines for varying relative reef height (h/d).
K decreases with an increase in H[:,!gT2 and (h/d). Ky decreases from 0.55 to 0.38 (30.9%),
0.64 to 0.53 (17.19%),) and 0.708 to 0.55 (22.32%),) for h/d of 0.833, 0.714 and 0.625 i.c. for
depths of wat.er 0f 0.3m, 0.35m and 0.4m respectively while 1.45x107 < Ho/eT? < 7.85x10%,
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2:;: E‘éﬁﬁgﬂ" B _ b, o  0.833
0.5 - © tﬁé'g" e B O 0.714
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Fig. 8.41. Variation of K, with Ho/gT?

The wave height attenuation achieved is 29.2% to 62%. The average trends show a decrease
in K; from 0.45 to 0.4, 0.64 to 0.52 and 0.67 to 0.62 for the same depths. It can be observed
that with an increase in relative reef height (h/d), wave damping increases and the influence of

wave steepness on K, is relatively more for a depth of 0.35m.

8.34.12 Ifluence of relative reef submergence

The transmission coefficient K, increases as relative reef submergence (F/H;) and the range of
depth parameter (d/gT?) increase for wave periods of 1.5sec, 2sec and 2.5sec as illustrated in
Fig. 8.42, Fig. 8.43 and Fig. 8.44 respectively. As -0.312 < F/H; < -1.5, K, show almost
stmilar trend for all the wave periods and is represented by d’Angremond (1996) with an

accuracy of 16%.
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Fig. 8.44. Variation of K, with F/H; for T =2.5 sec

The K, values are 37.5% to 48.3%, 16.67% to 31%, and 21% to 28.6% lower compared to
Cox and Clark (1992), Van der Meer and d’Angremond (1992) and Comett et al. (1993)
respectively. For wave periods of 1.5sec, 2sec and 2.5sec K, increases from 0.38 to 0.69
(81.6%), 0.4 to0 0.65 (62.5%) and 0.42 to 0,708 (68.6%) respectively.

8.3.4.1.3 Influence of relative reef crest widih

Fig. 8.45, Fig. 8.46 and Fig. 8.47 show the trends of K¢ with relative reef crest width (B/L,)
for different ranges of wave steepness parameters (Hy,/gT) for water depths of (d) of 0.3m,
0.35m and 0.4m in respectively. It is generally observed that for a given depth, K, decreases
with an increase in B/L, and with an increase in range of H J/gT*. But this is clearly seen only
for depth of water of 0. 35111 for 0.04 < B/L, < 0.114. I is also observed at value B/L, of
0.064, the nature of variation of K, changes. After this point, whlle Kt drops for a depth of
0.35m, it shows different trends for depths of 0.3m and 0.4m. This may be due to wider reef

interfering in the wave figld.
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8.3.42 Influence of deep water wave steepnesson wave runupand run down

The influence of deep water wave steepness parameter (HO/(gTZ)_ on relative run up (R,/H,)
and run down (R¢/H,) for increasing ranges of depth parameter (d/gT°), i.e. varying wave
climate in depths of water of 0.3m, 0.35m and 0.4m, is shown by the best fit lines in Flg 8.48
and Fig. 8.49 respectively,
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Fig. 8.48. Variation of Ry/H, with H/gT*
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The maximum run up and run down are respectively 0.99 times and 0.53 times the deep water
wave height. Considering all the ranges Hy/gT?, relative run up for depths of water of 0.3m
(i.e 0.004 < d/gT? < 0.013 and -0.312 < B/H; < -0.5), 0.35m (i.c. 0.005 < d/gT2< 0.015 and -
0.625 < F/H; < -1.0} and 0.4m (i.e. 0.006 < d/gT* < 0.018 and -0.94 < F/H; < -1.5) are 51%,
42% to 47% and 36 to 38% lower than that for conventional breakwater. Similarly, for the
same range of parameters, relative run down are 58% to 75%, 52 to 66% and 33% to 52%

lower than that for conventional breakwater.

8.3.4.3 Influence of various parameters on damage level
8.3.4.31 Influence of deep water wave steepness

The trends of damage level (S) with varying wave steepness parameter (Ho/gT?) for increasing
ranges of depth parameter.(d/g1°) i.e. for increasing depths of water of 0.3m, 0.35m and 0.4m
and different wave periods of 1.5sec, 2sec and 2.5sec are shown in Fig. 8.50. Damages at
0.004 < d/gT? < 0,013 i.e. depth of water of 0.3m are nil. For 0.005 < d/gT? < 0.015 and
1.5x107 < H.;nga <7.76x107 (i.e. in depth of 0.35m), a maximum damage level (S) of 2.12 is
observed for a wave period of 1.5sec while, for other wave periods damage is negligible,
Similarly, for 0.006 < d/gT? < 0.018 and 1.54x10° < Hﬂngz < 7.85x10° (ie. in depth of
0.4m), noticeable damage levels (S) of 2.75 and 3.97 are observed only for the wave period of

1.5sec.
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As the depth of water increased from 0.35m to . 4m (i.e. 14.3%), for the wave period of
1.5sec, the maximum damage level S increases from 2.12 to 3.97 (i. e. a rise of 87, 26%).
Damages at depth of water of 0.35m and 0. 4m are about 85.4% lower and 72.6% to 77.9%

lower respectwely when compared to those of the conventional breakwater.
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Fig. 8.50. Variation of S with H_/gT?

8.3.43.2  Imfluence of reef submergence

Fig. 8.51 shows variation of the damage lovel (S) with the reef submergence (F/Hy) for
varying depth parameter (d/gT? ) Le. for depths of 0.3m,0.35m and 0.4m and varying wave
periods of 1.5sec, 2sec and 2.5sec. The impact of depth of water on stability is clearly visible
from the figure with damages for depths of 0.3m, 0.35m and 0.4m are located at the right,
cenfre and left side of the figure.

The damages to the inner (main) breakwater are nil for 0.004 < d/gT? < 0.013 and -0.312 <
F/H; <-0.5 i.e. a depth of 0.3m, h/d = 0.833. For 0.005 < d/gT? < 0.015 and -0.625 < F/H; < -
1.0 i.e. in a depth of 0.35m and h/d = 0.714, noticeable damage level of 2.12 occurs. And for
0.006 < d/gT* < 0.018 and -0.94 < F/Hi <-1.5 i.e. in a depth of 0.4m h/d = 0. 625, damage
levels (8) of 2.75 and 3.97 are observed for wave heights of 0.14m and 0.16m of period
1.5sec while waves of height 0.1m and 0.12m cause negligible damage As the depth of water
increased from 0.35m to 0.4m (i.e. 14.3%), for the wave period of 1.5sec, the maximum

damage level S increases from 2.12 to 3.97 (i. e. arise 0of 87.26%).
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8.3.4.3.3 Influence of reef crest width

Fig. 8.52 and Fig. 8.53 demonstrate the impact of reef crest width (B/L,) on breakwater
damage, for increasing ranges of Hy/gT” i.e. increasing wave heights of 0.1m to 0.16m of
different periods of 1.5sec, 2sec and 2.5sec in water depths (d) of 0.35m and 0.4m
respectively. The damage to the inner (main) breakwater for a depth of water of 0.3m is nil. It
is seen that, the waves are more damaging with the increase in depth of water. In a depth of
0.35m, it is seen that the damage level of 2.12 ocours only for relatively higher range of wave
steepness of 2.4x107 < HE.!gT2 < 7.76x107 ie. for a wave of 0.16m of period 1.5sec.
Similarly, in a depth of 0.4m, noticeable damage levels (S) of 2.75 and 3.97 are observed for
2.16x10° < Hy/gT? < 6.87x10° and 2.46x10° < Hy/gT* < 7.85x10” i.e. for wave heights of
0.14m and 0.16m of period 1.5sec.

1t can also be seen that, for both the depths, the damages are negligible up to a B/L, value of
0.064 and then damage level increases indicating only steeper waves of period 1.5sec i.e short
period waves are damaging the main brealcwater. For increasing ranges of Hy/gT” in a depth of
0.35m, where, 0.04 < B/L, < 0.114, § rises from 0.0 to 2.12. Similarly, in a depth of 0.4m S

increases from 0,0 to 3.97.
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8.3.4.3.4 Influence of stability number _

The damage level {S) of the breakwater increases with an increase in stability number (N;) for
0.005 < d/gT* < 0.015 and 0.006 < Ho/gT? < 0.018 i.e. for depths of water (d) of 0.35m and
0.4m as shown in Fig. 8.54 and Fig. 8.55 respectively. Fig. 8.55 shows the best fit line.
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Fig. 8.55. Variation of S with N; for d = 0.40m
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The damage is observed only for waves of period of 1.5sec. The zero damage wave height
(Hzq) for depths of water (d) of 0.35m and 0.4m are 0.158m and 0.1234m respectively and are
74% and 49.03% higher than those of the conventional breakwater,

8.3.4.35 Influence of surf similarity parameter on stability number

Fig. 8.56 shows the variation of zero damage stability number (N,q) and surf similarity
parameter (£} for increasing depths of water of 0.35m and 0.4m and wave period of 1.5sec i.e.
ranges of depth parameter (d/gT2). The results of the present study are compared with those of
Thompsen et al. (1972). For the present study, it is observed that minimum breakwater
stability (i.e. Nyq =2.32) occurs for a £ value of 2.68 in a depth of water of 0.4m. |
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k| E X = = - Thompsen, et al.
= 151 Ko on e - X (1972) '
1 p
0.5 4
0 T 1 1 ¥ | 1
1 2 3 4 5 6 7
'3

Fig. 8.56. Variation of N,y with &

8.3.4.4 Conclusions
From the experimental investigation of the present geometry of protected breakwater,
following conclusions are drawn.

1. The transmission coefficient (K;) decreases with increase in Hy/gT* and W/d and

decreases with decrease in F/H; and d/gT?.
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10.

11.

12,

13.

K decreases from 0.55 to 0.38 (30.9%), 0.64 to 0.53 (17.19%),) and 0.708 to 0.55
(22.32%),) for lvd of 0.833, 0.714 and 0.625 i.e. for depths of water of 0.3m, 0.35m
and 0.4m respectively for 1.45x107 < Hy/gT? < 7.85x10™ and 0.04 < B/L, < 0.0114.
Kt for all the wave periods and is represented by d’Angremond (1996) with an
accuracy of 16%,. The K values are 37.5% to 48.3%, 16.67% to 31%, and 21% to
28.6% lower compared to Cox and Clark (1992), Van der Meer and d’Angremond
(1992} and Cornett et al. (1993) respectively.

For -0.312 < F/H; < -1.5 and all the depths of water, K, increases from 0.38 to 0.69
(81.6%), 0.4 to 0.65 (62.5%).and 0.42 to 0.708 (68.6%) for wave periods of 1.5sec,
2sec and 2.5sec respectively. _

K, decreases with an iﬁcrease in B/L, and with an increase in range of Ho/gTz. But
this is clearly seen only for depth of water of 0.35m.

K varies between 0.38 and 0.708 for the test parameters considered.

The maximum run up and run down are respectively 0.99 times and 0.53 times the
deep water wave height.

Relative run up and run down are 36% to 51% and 33% to 75% lower compared to
that of the conventional breakwater. '

The damage level S increases with the increase in HJgTZ, F/H;, d/gTz, B/L, and
decrease in h/d.

Damages at 0.004 < d/gT < 0.013 (i.e. depth of water of 0.3m and h/d of 0.833) are
nil.

For 0.005 < d/gT” < 0.015, 1.5x107 < Hy/gT? < 7.76x10° and -0.625 < F/H, < -1.0
(i.e. h/d 0f 0.714 and for a wave height of 0.16m of period 1.5sec in depth of 0.35m),
a maximum damage level (S) of 2.12 is observed while, for other wave periods
damage is negligible. Similarly, for 0.006 < d/gT* < 0.018, 1.54x10° < Hy/gT® <
7.85x107 and -0.94 < F/H; < -1.5 (i.e. for ld of 0.625 and wave heights of 0.14m
and 0.16m of period 1.5sec in depth of 0.4m), noticeable damage levels (S) of 2.75
and 3.97 are observed. | _

For increasing ranges of Hy/gT” in a depth of 0.35m, where, 0.04 < B/L, < 0.114, §
rises from 0.0 to 2.12. Sinmlarly, in a depth of 0.4m § increases from 0.0 to 3.97.

As the depth of water increased from 0.35m to 0.4m (i.e. -0.625< F/H; < -1.0
increased to -0.94 < F/H; < -1.5), for the wave period of 1.5sec, the maximum

damage level S increases from 2,12 to 3.97 (i. ¢. a rise of 87.26%).
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14. Noticeable breakwater damage levels of 2.12 and 2.75 and 3.97 occur for depths of
0.3m and 0.4m which are 85.4% lower and 72.6% to 77.9% lower respectively when
compared to those of the conventional breakwater,

15. The zero damage wave height (H,4) for depths of water (d) of 0.35m and 0.4m are

74% and 49.03% higher than those of the conventional breakwater.

16. For the present study, it is observed that minimum breakwater stability (i.e. Ny =

2.32) occurs. for a E value of 2.68 in a depth of water of 0.4m.

8.3.5 SUMMARY OF CONCLUSIONS FOR PROTECTED BREAKWATER

Table. 8.1 compares the conclusions of present model tests and conventional breakwater. It is
seen from the table that the damage of the cbnventional breakwater reduced when a protective
submerged reef is located at a distance (X) of 2.5m seaward of the breakwater. As the crest
width (B) of the reef increased from 0.1m to 0.3m the damage of the main (conventional) -
breakwater reduced to zero. Further, when the reef crest width is increased to 0.4m, the waves
damage the breakwater. The submerged reef of crest width 0.3m located at 2.5m seaward of
the main breakwater completely protects it from the waves generated in the present

experimental investigation.

Fig. 8.57 and Fig. 8.58 show the influence of relative reef crest width (B/L, and B/d) on
maximum damage level (S) of the defenced breakwater for different relative crest heights
(b/d) of a submerged reef of crest width 0.3m located at a seaward distance of 2.5m. It can be
seen from the graphs that the reef of relative crest widths B/L, of 0.035 to 0.045 and B/d of

0.6 to 0.75, the damage levels are zero and the reef completely protects the main breakwater.
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Table, 8.1.

Comparison of conclusions for conventional breakwater
(CBW) and protected breakwater

Protected breakwater (PBW) with a seaward submerged |
reef of varying crest width B located at X = 2.5m {le. X/d

of 6.25 10 8.33)
Conventional B
5L No Parameter breakwater
(CBW) 0.1m 0.2m 0.3m 0.4m
Bid
025-033 0.50 ~0.67 0.75 1.0 1.0-1.33
1. Max. R/H, 1.57 1.24 1.06 0.97 0.99
Present R./H,, compared with
A U S 35%-38.6% | 37.5- 48.7% | 36%- 55% 36% - 51%
: that of CBW (% Liower)
3. | Max. RyH, 0.95 o7 0.54 044 0.53
_ Present RyH, compared with
e 6%- 30.8% | 38.5%- 75% | 51%- 73% | 33% - 75%
that of CBW (% Lower)
5. Transmission coefficient K, 0.66 - 0.84 0.43 - 0.387 0.40-0.80 | 0.38-0.70%
I at d=0.30m 0.66 - (.76 043 -057 04 -0355 | 038-055
6. d=0.35m 0.66 - 0.79 0.53 -0.75 048-0.62 | 0.53.0.64
d=040m | 7 0.68-0.84 - 0.60 -0.887 | 0.48-0.80 0.55-0.708
K. at T=1.5sec 0.64-0.71 043 -0.7 0.43-071 | 0.38-0.69
7. T=20sec | e 0.696-0.8 0.43 -0.72 0.40-070 | 0400355
T =2.5sec 0.71- 0 .84 0,49 - 0.887 0.41-0.80 | 0.42-0.708
Max. damage leve] at
d=0.30m 8.3-10.0 Nil Nil Nil Nil
5 d=035m 10.8-13.4 3.58-6.28 Negligible Nii 0-2.12
d =0.40m B.05-145 5.31-87 0-34 Wil 0-3.97
Max. damage level at _
T=1.5sec 90-145 6.28-8.7 0-3.4 Nil 0-3.97
> T=2.0sec 10.0-1423 | 4.94-7.06 Negligible Nil Nil
T =2.5sec 83-10.8 3.58-531 Negligible Nil Nil
| Present damage leve] § No damage
10. compared with that of CBW | e — 4} - 66 75.42 - 76.55 (PBW is 726 -854
(% Lower) - totally safe)
Present H,4 compared with PBW ig
L O T 87% -75% 60.38% 49% -74%
that of CBW (% Higher) totally safe J
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Chapter 9 |
Investigation of Protected Breakwater with a
Reef at a Spacing of 4.0m

9.1 GENERAL

The submerged reef of crest width 0.3m located at 2.5m seaward of the main breakwater
completely protects it from the waves generated in the present experimental investigation.
Hence, it is decided to conduct the experiment with a reef of narrow crest width of 0.1m and
0.2m located seaward of the main breakwater at a farther distance (X) of 4m and investigate

its efficacy as a protective structure to the main breakwater against the above model

geometry.

This model section of the protected breakwater is tested for regular waves and impact of
waves (l.e. wave steepness) on wave transmission at reef and on run up, run down, and

stability of armour of the inner main breakwater is studied.

9.2 DETAILS OF PHYSICAL MODEL STUDY _

A 1:30 scale model of a brealcwater,. of trapezoidal cross section with a uniform slope of
1V:2H is constructed, at 32m from the generator flap, on the flat bed of the flume with
primary armour stone weight of 73.2gms. A stable trapezoidal submerged reef having a slope
of 1V:2H with a height (h) of 0.25m and different crest widths (B) of 0.1m, and 0.2m is
constructed, with homogeneous pile of stones of 30gms weight (i.e. nominal diameter, d,s; of
0.0221m), on the seaward side of the main breakwater at a distance (X) of 4m (i.e. X/d of 10.0
to 13.33): Further, the details of breakwater model construction are explained in. Chapter 5

and the model characteristics are listed in Table 5.3.

Before the model tests are started, the experimental set up along with the wave probes is
 calibrated. The model is subjected to regular waves of height varying from 0.1m to 0.16m of a
range of petiods from1.5sec to 2.5sec generated in Water depths of 0.3m to 0.4m. Further, the

details of breakwater test procedure are explained in Chapter 3.
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9.3 ANALYSIS AND INTERPRETATION OF DATA

The data coliected in the present experimental work is expressed in non-dimensional
quantities. The variation of transmission coefficient (Ky), relative run up (Ry/H,) and run
down (Ry/H,), damage level (S) etc., for varying parameters like steepness Hy/(gT?) are
studied through graphs with respect to changing relative depth d/(gT?), reef width {B/d) etc,
The relationship between the parameters is analysed through the graphs.

9.3.1 Protected breakwater with a reef of crest width (B) of 0.1m
i e. B/d =0.25 to 0.33) |
93.1.1 Influence of various parameters on transmission coefficient
9.3.1.1.1 Influence of deep water wave steepness
‘Fig. 9.1 shows the best fit lines for the variation of transmission coefficient K with the deep
water wave steepness parameter (I,/gT?) for varying relative reef crest heights (tvd). K,

decreases with an increase in Hy/gT> and increase in relative reef height (h/d). K; drops from

0.602 to 0.51 (15.8%), 0.67 to 0.56 (16.4%) and 0.72 to 0.59 (18%) for b/d of 0.833, 0.714 -

and 0.625 i.e. for depths of water (d} of 0.3m, 0.35m and 0.4m respectively. This indicates
that the wave height attenuation (i.e. WHA = 1- K,) achieved is 28% to 49%, .

0.8 -
hid
0.7 4
Eﬁlﬁﬂ A :5
< 0.833
0.6 - OUE‘EI-..A@ A=A
¥ - S ~Og O 0714 .
0.5 4
A 0.625
0.4 1
0.3 T T . T T -1
0 2 4 6 8 10

Ho/gT?x 107

Fig, 9.1, Variation of K, with H,/¢T*
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93.1.1.2 Influence of relative reef submergence

The transmission coefficient K, increases as relative reef submergence (F/H;) and range of
depth parameter (d/ gTz) increase for wave periods of 1.5 sec, 2sec and 2.5sec as shown in Fi g,
9.2, Fig. 9.3 and Fig. 9.4 respectively. For above wave periods and -0.312 < F/H; <-15, K,
increases from 0.51 to 0.606 (18.8%), 0.55 to 0.68 (23.6%) and 0.587 to 0.72 (22.6%)
respectively. For the range of -0.312 < F/I, < -1.5 and for a wave period of 1.5sec, the
present K, values are 31% to 40% lower, 10% to 26% lower, 33% lower than values of Cox
and Clark (1992), Van der Meer and d’Angremond (1992), Cornett et al (1993) respectively
and represented by criteria of d’Angremond (1996) with an accuracy of 20%. For same range
of F/H; and for a period of 2sec, the present K; values are 29% to 36% lower, 6% to 18%
lower, 24% lower and 0 to 16% higher than those given by Cox and Clark (1992), Van der
Meer and d’Angremond (1992), Cornett et al (1993) and d’ Angremond (1996) respectively.
Similarly, for a period of 2.5sec, K, values are 25% to 31% lower, 0% to 11% lower, 22%
lower and up to 22% higher than those given by Cox and Clark (1992), Van der Meer and
d’Angremond (1992), Cornett et al {1993) and &’ Angremond (1996) respectively.

121 d/gT?
1 o 0.013
Banat O 0.015
0.8 o X A 0.018
r T ~0— \X\x x  Cox and Clark (1992)
¥ 0.6 - A A 384'313 \X\Bf - Van der Meer and
o0& d’Angremond (1992)
0.4 - _ : ~0- d’Angremond (1996)
-+ Cornett et al. (1993)
0.2 -
0 T T T o
2 15 1 0.5 0

F/H,
Fig. 9.2. Variation of K, with F/H; for T =1.5 sec
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1.2 - d/gT?
1 < 0.0076
1 O  0.0089
- - A 0.01
0.8 E; = X""X x Cox and Clark(1992)
T~ o ALA E)K\ X % Van der Meer and
< 0.6 - =~ I;I\[:l ﬂKE d’Angremond (1992)
=~ o -0- d’Angremond (1996)
0.4 - -+ Cornett et al. (1993)
0.2 4
0 I L) I L}
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Fig. 9.3. Variation of K, with F/H; for T =2 sec
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Fig. 9.4. Variation of K, with F/H, for T = 2.5sec
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It can be seen from the figures that, for any given period, the K, values are approximately
constant for a given depth. But for a given period, the K, values gradually increase with the
depfh.

9.3.1.13 Influence of relative reef crest width

Each of Fig. 9.5, Fig. 9.6 and Fig. 9.7 shows the decreasing trend of K, with increasing
relative crest width (B/L,) and increasing ranges of wave steepness parameter (H./gT?) (i.e.
for increasing wave heights of 0.1m, 0.12m 0.14m and 0.16m and periods 1.5sec, 2sec and
2.5sec) for depths of water (d) of 0.3m, 0.35m and 0.4m respectively. As 0.01 < B/L, <
0.0285, the slope of trend lines of K; changes at B/L, of 0.016 and K. values decrease from
0.602 to 0.51 (15.8%), 0.67 to 0.56 (16.4%) and 0.72 to 0.59 (18%) for h/d of 0.833, 0,714
and 0.625 i.e. for depths of water (d) of 0.3m, 0.35m and 0.4m respectively. As the depth
increases and for 0.01 < B/L, < 0.0285, K, rises and the influence of stecpness parameter
gradually reduces. And at a depth of 0.4m, the decreasing trend of K, with the increase of
B/L; is almost similar for all ranges of H,/gT".

0.65 -
0.625 - Ho/gT*x10™®
| ———— 1.45-4.77
0.6 -
—0F = 1.75.5.73
¥ 0.575 - —A— 2.04.6.69
—3¢ - 2.35.7.65
. 0.55 4
0.525 -
05 T i T I 1
0005 001 0015 002 0025  0.03

BIL,

Fig. 9.5. Variation of K, with B/L,, for d = 0.3m
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061 e~
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. T ’ -~ N
_ Nw o
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0.005 0.01 0.015 0.02 0.025 0.03
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Fig. 9.6, Variation of K, with B/L,for d=0.35m
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Fig. 9.7. Variation of K; withB/L, for d=0.4m
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9.3.1.2 Influence of deep water wave steepness on wave runup and run down

The influence of deep water wave steepness parameter (Ho/(gT?) on relative run up (Ry/H,)
and run down (Ry¢/H,), for increasing ranges of depth parameter (d/gT?) i.e. varying wave
climate in depths of water of 0.3m, 0.35m and 0.4m is shown in Fig. 9.8 and Fig. 9.9
respectively. The graphs show the best fit lines.

Both the relative run up and the run down, decrease with an increase in wave stegpness and
decrease in the depth i.e. range of depth parameter. The results are compared with those of
the conlventional breakwater. From the figures, it is observed that, Ry/H, and Ry/H, increase
with the range of d/gT* and F/H,.

10 - .
. digT

¢ Single
O 0.004 -0.013
0O 0.005-0.015

- LR L & . S A 0.006-0.018
= 15 ' .
1 LiSresdsae
- _G - i L - -

o © 0O &

C

H./gTx10%

Fig. 9.8. Variation of R/H, with H /eT?

The maximum relative run up and run down are respectively 1.0 times and 0,65 times the
deep water wave height for the range of variables considered in the present study. Relative
run up for depths of water of 0.3m, 0.35m and 0.4m (i.e. when F/H; varies in ranges of -0.312
to -0.5, -0.62 to 1.0 and -0.94 to -1.5) are respectively 47% to 61%, 42% and 33% to 36%

lower than those for a conventional single breakwater. Similarly relative rundown for depths
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of water of 0.3m, 0.35m and 0.4m are respectively 41% to 49%, 16% to 39% and 15% to 30%

lower than those for conventional breakwater.

LN o O digT?
¢ Single
)} o 0.004 -0.013
O 0.005-0.015
;f A 0.006 -0.018
©
0.1 : ' T
1 10

Ho/gT2x 107

Fig. 9.9. Variation of Ry/H, with H,/gT"

9.3.1.3 Intvence ot various parameters on damage level

9.3.1.3.1 Influence of deep water wave steepness

Fig. 9.10 shows increasing damage level (S) with increasing wave steepness parameter
(Hy/2T?) and increasing ranges of depth parameter (dngz_) i.e, for depths of water of 0.3m,
0.35m and 0.4m and different wave periods. The results of the present study are compared
with those of the conventional breakwater. No damages are observed for 0.004 < d/gT’ <
0.013 ie. depth of 0.3m. The Breakwater damage increases with an increase in range of depth
parameter (d/gT%) i.e. depth of water of 0.35m and 0.4m and it decreases with the decrease in
wave period for a given depth. The impact of wave period is clearly distinguishable as

damages are grouped from right to left for the increasing period of 1.5sec, 2sec and 2.5sec.

For 0.005 < d/gT? < 0.015 (i.é. depth of 0.35m) and 1.5x107 < H/gT? < 7.76x107, damage
level (S} are 3.23, 2.26 and 2.1 for wave periods of 1.5sec, 2sec and 2.5sec respectively.
Similarly, For 0.006 < d/gT”< 0.018 (i.e. depth of 0.4m) and 1.54x10° < Hy/gT? < 7.85x107,
damage level (S) are 5.35, 4.59 and 3.23 for wave periods of 1.5sec, 2sec and 2.5sec

respectively. As the water depth increases from 0.35m to 0.4m (i.e.14.3%), the maximum
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damage level S for the wave period of 1.5sec, increases from 3.23 to 5.35 (i. e. a rise of
65.6%), and it increases from 2.26 to 4.59 (i, e. a rise of 103%) for the wave period of 2.0sec
while maximum damage level S rises from 2.1 to 3.23 (ie. arise of 53,8%) for a wave period

of 2.5sec,

16 ,
digT

¢ Single

O 0.004 -0.013°
a 0.005-0.015
A 0.006-0018

H /gT>x10?

Fig. 9.10. Variation of S with H,/gT*

9.3.1.3.2 Influence of reef submergence

The graphs in Fig. 9.11 show an increasing damage level (S) with the reef submergence {F/H;)
for Varyiﬂg depth parameter (d;’gTz'). This s because reduced wave breaking. Also we can see -
~ that influence of depth of water and wave period is clearly discernible, where, it shows
increasing damage with shorter period waves for a given depth. Damages are nil for 0.004 <
d/gT? < 0.013 and -0.312 < F/H;< -0.5 i.e. for d= 0.3m, W/d = 0.833. For 0.005 < d/gT? <
0.015 and -0.625 < F/H; < -1.0 1., for d= 0.35m, h/d = 0.714, damage levels, which are shown
in middle of the figure, the maximum value varies from 2.1 to 3.23 (i. €. a rise of 53.8%) and
for 0.006 < d/gT* < 0.018 and -0.94 < F/H; < -1.5 ie. for d= 0.4m and h/d = 0.625, the

maximum value increases from 3.23 to 5.35 (i. e. by 65.6%) as shown at lefi of the figure.
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93.1.3.3 Influence of reef crest width
Fig. 9.12 and Fig. 9.13 demonstrate the impact of reef crest width (B/Lo) on damage level of
the breakwater, for increasing ranges of Hy/gT?,
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Fig. 9.11. Variation of S with F/H;
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Fig. 9.12. Variationof S with B/L, for d=0.35m
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Fig. 9.13. Variation of S with B/L, ford =0.4m

i.e. for increasing wave heights of 0.1m to 0.16m of different periods of 1.5sec, 2sec and
2.5sec, in water depths (d) of 0.35m and 0.4m respectively. The damages for a depth of 0.3m
are nil. For depths of 0,35m and 0.4mn, the general trend is that, damage level increases with
reef crest widths (B/L,) for any given range of wave steepness, This is because for a constant
reef crest width (B) of 0.1m, the increase in B/L, indicates decreasing L i.e. decreasing wave
periods and as already observed shorter period waves are relatively more damaging compared
to longer period waves. Graphs also indicate that, steeper waves are increasingly damaging
the main breakwater. It is also seen that, the waves are more damaging with the increase in
depth of water or decrease of h/d. As B/L, increases from 0.01 to 0.0285 and considering all
ranges of HygT% S increases from zero at the depth of 0.3m, 0.0 to 3.23 at the depth of 0.35m
and 0.14 to 5.35 for depth of 0.4m.,

9.3.1.3.4 Influence of stability number

Damages of the protected breakwater are nil for a depth of 0.3m. The damage level (S) of the
breakwater increases with an increase in stability number (N;) for all the depths of water (d)
0.35m and 0.4m as shown by the best fit lines in the Fi g. 9.14 and Fig. 9.15 respectively, It is
found that, the zero damage wave heights (H.q) decrease with an increase in depth of water
(d) from 0.35m to 0.4m indicating higher damage with increased depth, The H,y in depth of
water of 0.35m corresponding to wave periods of 1.5 sec, 2.0sec and 2.5sec are 0.1356m,
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0.1582m and 0.1635m respectively which are 49% to 91% higher compared to conventional
breakwater. Hz¢ in depth of 0.40m corresponding to wave periods of 1.5 sec, 2.0sec and
2.5sec are 0.1192m, 0.125m and 0.141m respectively which are 43.96% to 80% higher
compared to conventional breakwater. The damage levels of protected breakwater for depﬂls

of water of 0.35m and 0.4m are respectively 75% to 80% and 63% to 67% lower than those of

conventional breakwater.
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9.3.1.3.5 Influence surf similarity parameter on stability number

Thompsen et al. (1972) showed that, minimum stability of a 1V:2H sloped rubble mound
breakwater occurred for surf similarity parameter 2 < £ < 3, Bruun and Gunbak (1976) write
that the failure of the breakwater is cansed by combinations of buoyancy, mertia and drag
forces supported by the effect of hydrostatic pressure from the core and these forces reach
their maximum value for lowest down rush which occurs at resonance for 2 < ¢ < 3, The
damages fof a depth of 0.3m are nil. Fig. 9.16 shows the variation of zero damage stability
number (N;q) and surf similarity parameter (£) for varying wave climate in depths of water of
0.35m and 0.4m i.e. increasing ranges of depth parameter (d/gT%). The results are compared
with those given by Thompsen et al. (1972). In the present study, it is observed that Ny
increases with £ for a given range of d/gT?. This is because H,y increases with &. It is seen that

minimum stability of the breakwater 1. €. N,g = 2.26 occurs for a £ value of 2.71.
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Fig. 9.16. Variation of Ny with &
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9.3.1.4 Conclusions

From the present study, the following conclusions are drawn.

1.

The transmission coefficient (K,) decreases with increase in Ho/g’[‘z, BKLO and h/d
and decreases with decrease in F/H; and d/gT2.

As B/L, increases from €.01 to 0.0285, K, drops from 0.602 to 0.51 (15.8%), 0.67 to
0.56 (16.4%) and 0.72 to 0.59 (18%) for h/d of 0.833, 0.714 and 0.625 i.. for depths
of water (d) of 0.3m, 0.35m and 0.4m respectively.

K, values are up to 25% to 40% lower, up to 26% lower, 22% to 33% lower a.nd up
to 22% higher than those given by Cox and Clérk (1992) Van der Meer and
d’ Angremond (1992), Cornett et al. (1993) and d’ Angremond (1996) respectively.

K increases from 0.51 to 0.606 (18.8%), 0.55 to 0.68 (23.6%) and 0.587 to 0.72
(22.6%) respectively for 1.5sec, 2sec and 2.5sec respectively for all the ranges of
d/gT? and F/H.,.

K, varies between 0.51 and 0.72 for the range of experimental parameters
considered.

The maximum run up and run down are respectively 1.0 times and (.65 times the
deep water wave height. Run up and run down are reduced by 33% to 61% and 15%
to 49% respectively compared to conventional breakwater,

The damage level S increases with the increase in Hy/gT*, F/H;, d/gT?, B/L, and
decrease in h/d.

Damages at 0.004 < d/gT? < 0.0013 and -0.312 < F/H; < -0.5, i.e. in depth of water
of 0.3m, are nil. As B/L, increases from 0.01 to 0.0285 and considering all ranges of
Hy/gT?, damage level S is zero at 0.004 < d/gT? < 0.013 and -0.312 < F/H; < -0.5,
i.e. for the depth of 0.3m and h/d of 0.833, for 0.005 < d/gT* < 0.015 and -0.625 <
F/H; < -1.0, Le. at the depth of 0.35m and h/d of 0.714, S increases from 0.0 to 3.23
and for 0.006 < d/gT? < 0.018 and -0.94 < T/H, < -1.5, i.e. at depth of 0.4m and W/d
0f 0.625, S increases from 0.14 to 5.35.

Considering the complete variation Hy/gT> and all the ranges of d/gT” (i.e as the
depth of water increaged from 0.35m to 0.4.), for the wave period of 1.Ssec; the
maximum damage level of the breakWa{(;r increases from 3.23 to 5.35 (65%), it
increases from 2.26 to 4.59 (103%) for the wave period of 2.0sec while damage
level rises from 2.1 to 3.23 (53.8%) for the wave period of 2.5sec.
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10. For 0.005 < d/gT” < 0.015 and -0.625 < F/H; < -1.0 i.c. for d= 0.35m, b/d = 0.714,

damage levels, which are shown in middle of the figure, the maximum value varies
from 2.1 to 3.23 (i. e. a rise of 53.8%) and for 0.006 < &/gT> < 0.018 and -0.94 <
E/H; <-1.5 i.e. for d= 0.4m and b/d = 0.625, the maximum value increases from 3.23
to 5.35 (i. e. by 65.6%).

11. Damages at depths of water of 0.35m and 0.4m are sbout 63% to 80% less

compared to conventiona] breakwater

12, Zero damage wave heights are 43.96% to 91% higher than the conventional

breakwater.

13. Minimum stability of the breakwater (i. e, Ny = 2.26) oceurs for a £ value of 2.71.

9.3.2 Protected breakwater with a reef of crest width (B) of 0.2m
(i. e. B/d=0.5t0 0.67)

93.2.1 Influence of various parameters on transmission coefficient

93.2.1.1 Influence of deep water wave steepness

Fig. 9.17 shows decrease of transmission coefficient K, with the increase in deep water wave

steepness parameter (H,/gT?) and relative reef hei ght (h/d). The figure shows the best fit lines
for K, For 1.45x107 < Hy/gT? < 7.851.45x107, K, decreases from 0.53 10 0.37 (30.2%), 0.62
to 0.4 (35.5%) and 0.7 to 0.55 (21.4%) for h/d of 0.833, 0.714 and 0.625 i.c. for.water depth
of 0.3m, 0.35m and 0.4m respectively. The wave height attenuation achieved is 30% to 63%.
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Fig. 9.17. Variation of K with H,/gT"
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93212 Ifluence of relative reef submergence

Each of Fig. 9.18, Fig. 9.19 and Fig. 9.20 show the increasing trend of transmission
coefficient K; with an increase in relative reef submergence (F/H;) and range of depth
parameter (d/gT?) for wave periods of 1.5sec, 2sec and 2.5sec respectively. For -0.312 < F/H;
<-1.5, K increases from 0.37 to 0.63 (70.3%), 0.4 to 0.65 (62.5%) and 0.42 to 0.70 (66.7%)
for periods of 1.5sec, 2sec and 2.5sec respectively. For all the wave periods, the K; values are
approximated by d’Angremond (1996) with an accuracy of 15%. Considering the full
variation of F/H,, for a wave period of 1.5sec, present K values are 429 to 48% lower, 26%
to 35% lower, 30% lower than values of Cox and Clark 1992), Van der Meer and
d’Angremond (1992) and Cornett et al. (1993) respectively. Similarly for a period of 2sec,
present K; values are 36% to 43% lower, 18% to 25 % lower and 27% lower than those given
by Cox and Clark 1992), Van der Meer and d’Angremond (1992) and Cornett et al. (1993)
respectively. And for period of 2.5sec, present Ky values are 36% to 42% lower, 17% to 27%
lower and  22% lower than those given by Cox and Clark (1992), Van der Meer and
d’Angremond (1992) and Cornett et al. (1993) respectively. For wave periods of 1.5sec, 2sec
and 2.5sec, K, increases from 0.37 to 0.63 (70.3%), 0.4 to 0.65 (62.5%) and 0.42 to 0.70
(66.7%) respectively considering all the ranges of d/ 2T and F/I,.
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Fig. 9.18. Variation of K, with F/H; for T=1.5 sec
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Fig. 9.19. Variation of K, with F/H, for T =2 sec
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Fig. 9.20. Variation of K, with F/H; for T =2.5 sec
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9.3.2.1.3 Influence of relative reef crest width
Fig. 9.21, Fig. 9.22 and Fig. 9.23 show variation of K, with relative reef crest width (B/L,) for
different wave steepness parameters (Hy/gT?) for water depths of (d) of 0.3m, 0.35m and 0.4m

in respectively.
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Fig. 9.21. Variation of K; with B/L, ford =0.3m
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Fig. 9.22. Variation of K; with B/, for d = 0.35m
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Fig. 9.23. Variation of K, with B/L, for d = 0.4m

K: decreases with an increase in B/L, and with an increase in range of Huz‘g"[a for a given
depth of water. It is seen that influence of Hy/gT? on K, is clearly visible for depth of water of
0.3m while for other depths of 0.35m and 0.4m, it is not significant. For depths of 0.3m and
0.35m, it is observed that the trend of K, changes at a B/L, value of 0.032 whereas, for a depth
of 0.4m, K, decreases uniformiy as H,/gT? increases. K, varies in the ranges of 0.37 to 0,53,
0.4 to 0.62 and 0.55 to 0.70 for depths of water of 0.3m, 0.35m and 0.4m respectively.

93.2.2 Influence of deep water wave steepness on wave runup and run down

The influence of deep water wave steepness parameter (Ho/gT*) on relative run up (Ry/Hy)
and run down (Ry/H,), for increasing ranges of depth parameter (d/gT?) i.e. for varying wave
climate in depths of water of 0.3m, 0.35m and 0.4m is shown in Fig. 9.24 and Fig. 9.25
respectively. The figures show the best fit lines. Both relative run up and the run down
decrease, with an increase in wave steepness and decrease of range of d/gT”. The maximum
wave run up and run down are respectively 0.98 times and 0,53 times the deep water wave
height for the range of variables considered in the present stﬁcly. Run up for depths of water of
0.3m, 0.35m and 0.4m (i.e. when F/H; varies in the ranges of -0.312 to -0.5, -0.62 to -1.0 and -
0.94 to -1.5) for all the ranges of d/gT> are respectively lower by 48% ta 50%, 31% to 45%

and 38% than those for a conventional (single) breakwater, Similarly rundown for depths of
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water of 0.3m, 0.35m and 0.4m are respectively lower by 50% to 74%, 16% to 39% and 23%
to 25% than those for conventional breakwater.
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Fig. 9.25. Variation of RyH, with H,/¢T"
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9.3.2.3 Influence of various parameters on damage level
9.3.2.3.1 Influence of deep water wave Steepness

The graphs of Fig. 9.26 show increasing damage level (S) with i Increasing wave steepness :
parameter (Hy/gT?) and i Imcreasing ranges of depth parameter (d/gT% ie. for depths of water
of 0.3m, 0.35m and 0.4m and different wave periods. The impact of wave period is clearly
distinguishable as damages are grouped from right to left for the increasing period of 1.5sec,
2sec and 2.5sec. Damages at 0,004 < d/gT* < 0,013 and 0.005 < d/gT? < 0.015 ie. depth of
water of 0.3m and 0.35m, are nil. Some damage is observed at 0.006 < d/gT* < 0.018 i.e. for
the depth of 0.4m, the waves of period 1.5sec.

The damage at the depth of 0.4m (i.e. h/d of 0.625) increases with a decrease in wave period.
The damage level of 0.512 to 2.31 is observed for 4.91x107 < Hy/gT” < 7.85x107 i.e. waves
of 0.16m of period of 1.5sec, while for waves of period of 2.0sec and 2.5sec the damage is nil.
The damage levels of protected breakwater for depths of water of 0.4m are 84% less

compared fo conventional breakwater.
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Fig. 9.26. Variation of S with H_/eT?
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9.3.23.2 Influence of reef submergence

The graph in Fig. 9.27 shows variation of the damage level (S) with the reef submergence
(F/H;) for varying depth parameter (d/gT”). The breakwater damages for waves in depths of
water of 0.3m and 0.35m (h/d = 0.833 and 0.714) are nil. From the figure it can be seen that
damage level of 0.512 to 2,31 occurs for d/gT? of 0.018 and for -0.94 < F/H; < -1.5 i.e. waves
of periods 1.5sec in a depth of water of 0.4m (h/d = 0.625).

9.3.23.3 Influence of  reef crest width

Fig. 9.28 demonstrates the impact of reef crest width (B/L,) on breakwater damage,
increasing ranges of Hy/gT” in the water depth (d) of 0.4m i.e. for increasing wave heights of
0.1m to 0.16m of periods of 1.5sec, 2sec and 2.5sec. The breakwater damages for waves in
depths of water of 0.3m and 0.35m are nil. It can also be seen that, the damages are nil up to a
B/L, value of 0.032 and then damage lével increases indicating only steeper waves of period
1.5sec i.e. short period waves are damaging the main breakwater. From the figure it can be
seen that, breakwater damage is initiated (i.e. at 8 > 2) only for 2.46 x10° < H/gT” <
7.85x107 i.e. 2 wave of 0.16m and period of 1.5sec and the maximum damage level observed
is 2.31.
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Fig. 9.27. Variation of § with F/H,
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Fig. 9.28. Variation of S with B/L, for d =0.4m

9.3.2.3.4 Influence of stability number

The damage level (8) of the breakwater increases with an increase in stability number (st for
the waves of period of 1.5sec in a depth 6f water (d) of 0.4m (i.e. b/d = 0.625) as shown by
best fit line in Fig. 9.29. The breakwater damage is noticeable only for waves of height of
0.16m. The zero damage wave height (H,) at this condition is 0.1557m i.e. 88% higher than
that of the conventional breakwater.
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Fig. 9.29. Variation of S with N, for d = 0.40m
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- 9.3.235 Influence of surf similarity parameter on stability number

Fig. 9.30 shows the variation of zero damage stability number (N,4) and surf similarity
parameter (£) for varying wave periods in depth of water of 0.4m only (i.e. 0.006 < d/gT? <
0.018) because the breakwater damages for waves in depths of water of 0.3m and 0.35m are
nil. The result is compared with those given by Thompsen et al. (19?2). In the present study, it
is observed that a Ny of 2.95 is observed for a £of237.
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Fig. 9.30. Variation of N,q with £

9.3.2.4 Conclusions
Based on the present study the following conclusions are drawn.
1. The transmission coefficient (K;) decreases with increase in Ho/gT%, B/L, and h/d
and decreases with decrease in F/H; and d/gT°.
2. For 1.45x10° < Hy/gT® < 7.851.45x107 and 0.02 < B/L, < 0.057, K, decreases from |
of 0.53 to 0.37 (30.2%), 0.62 to 0.4 (35.5%) and 0.7 to 0.55 (21.4%) for h/d of
0.833, 0.714 and 0.625 i.e. for water depth of 0.3m, 0.35m and 0.4m respectively.
3. For 0312 < F/H; < -1.5, and all depths of water, K; values are approximated by
d’Angremond (1996} with an accuracy of 15%.
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10.

11.
12.

13.

14.

For -0.312 < F/H; < -1.5, and all ranges of depth parameter, X, values are lower by
36% to 48%, 17% to 35% and 22% to 30% than those given by Cox and Clark
(1992) Van der Meer and d’Angremond (1992), Cornett et al. (1993) respectively.
For wave periods of 1.5sec, 2sec and 2.5sec, K, increases from 0.37 to 0.63 (70.3%),
0.4 to 0.65 (62.5%) and 0.42 to 0.70 (66.7%) respectively for all the ranges of d/gT?
and F/H,.

For depths of 0.3m and 0.35m, it is observed that the trend of K changes at a B/L,
value of 0.032 whereas, for a depth of 0.4m, K, decreases uniformly as Hy/gT*
increases.

Ki varies between 0.37 and 0.70 for the range of experimental parameters
considered. _

The maximum run up and run down are respectively 0.98 times and 0.53 times the
deep water wave height. _

Relative run up and run down are lower by 31% to 50% and 16% to 74% compared
to that of the conventional breakwater.

The damage level S increases with the increase in Ho/gT?, F/H;, d/gT? and B/L, and
decreases with h/d.

Damages at depths of water of 0.3m and 0.35m (h/d =0.833 and 0. 714) are nil.
Maximum damage level (S) of 2.31 occurs at depth of water of 0.4m (h/d = 0.625)
which is about 84% less compared to conventional breakwater. -

Zero damage wave height (Hzg) is 0.1557m ie. 88% higher than that of the
conventional breakwater.

Minimum stability of the protected brealkwater (i, e. Ny = 2.95) occurs for a £ value
of 2.37.

9.4 SUMMARY OF CONCLUSIONS FOR PROTECTED BREAKWATER

The conclusions for protected breakwater, with a conventional inner main brealwater and a
submerged reef of height (h) of 0.25m with a varying crest width (B) of 0.1m and 0.2m (i.e.
B/d varying from 0.25 to 0.33 and 0.5 to 0.67 respectively) located seaward of the breakwater
at a distance (X)) of 4m (i.e. X/d of 10.0 to 1333), are summarized and compared with those of

the conventional breakwater and are listed in Table. 9.1.
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It can be seen from the table that the damage of the conventional breakwater reduced when a

 protective submerged reef is located at a distance (X) of 4m seaward of the breakwater, As the

crest

Table. 9.1. Comparison of conclusions for conventional breakwater (CBW) and

protected breakwater
Protected breakwater with a
seaward submerged reef of varying
: crest width B located at (X) of 4m
ol Conventional (e, X/d of 10.0 to 1333)
Parameter breakwater
No B
(CBW) 0.1m 0.2m
B/d
0.25-0.33 0.50 - 0.67
1. | Max. Ry/H, 1.57 1.0 0.98
) Present R,/H, compared with that of o ~ 2. 6l a1 50
CBW (% Lower)
3. | Max. RyH, 0.95 0.65 0.53
. Present Ry/H, compared with thatof ¢~
CBW (% Lower) 15« 49 16 - 74
5. | Transmission coefficient Ko | s
0.51-0.72 0.37-0.7
K;atd=0.30m 0.51 - 0,606 0.37-0.53
0. d=035m | e 0.56 - 0.67 0.40 - 0.62
d=0.40m 0.59-072 0.55 -0.7
K, at T= [.5sec 0.51 to 0.606 0.3710 0.63
2 T=2.05ec S — 0.55 to 0.68 040 1o 0.65
T=2.5zec 0.587 to0 (.72 0.42 to 0.70
Max. darnage level at d = 0.30m 8.3-10.0 Nil Nil
B8, d=0.35m 10.8-13.4 231-323 Nil
d=0.40m 8.05-14.5 3.23-535 0512-2.31
Max. damage level at T= 1.5sec 9.0 -145 3.23-535 0512-23]
9. T=2.0sec 10.0 - 14.23 2.26 -4.59 Nil
T=2.53ec 83 - 10.8 2.1-323 Nil .
L. Present § compared with that of CBW | 63 - 20 84
(% Lower) _
Present H,y compared with that of CBW
1. N (R——— 43.96 - 91 88
{% Higher)
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width (B) of the submerged reef increases from 0.1m to 0.2m the reduction of damage of the
protected breakwater compared to conventional structure increases from 63% to 80% to 84%
respectively. But submerged reef of crest width of 0.2m does not safeguard the breakwater

completely.
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Chapter 10 |
Conclusions and Design of Defenced Breakwater

10.1 BACKGROUND

Rubble mound breakwaters are the structures built to reflect and di_ssipate energy of the wind
generated waves and profect the area on the leeside. In modern times the breakwaters are
constructed for the purpose of protecting vital installations on the coast and offshore, for
shoreline stabilization, forming an artificial harbour with a water area so protected from the
ocean waves as to provide safe accommodation for ships and for preventing the siltation of

niver mouths.

In the beginning, primitive reefs and dykes of gentle slopes were built with natural stones e. g
breakwater at Cherbourg in France built in 1784 — 1790 A. D, Later, to save the material,
steeper sloped structures with rubble mound, concrete block mound, rock fill over mound,
caisson type etc. were tried. A mound breakwater with concrete blocks was first constructed
at Alger, Algeria in 1830’s. The traditional and most commenly used breakwaters are of non-
overtopping rubble mound type. These structures consist of essentially core of fine material
like quarry run and are protected by armour layer of large rocks or artificial concrete blocks.
Rubble mound breakwaters are suitable for all types of foundations. They do not require
highly skilled labour for construction. They can be constructed up to 50m depth economically
and can easily be repaired. But for deep-water sites and at locations having large tidal ranges,
the quantity of stones required might be large causing high expenditure. On exposed sites, the
waves gradually drag down the mound, giving it a flat slope on the sea face. The disturbing
action of the waves is most keenly felt around high water and low water levels. It is in this

region that the structure is most severely tested.

Till 1933, the breakwaters were desiguéd based on laboratory experiments, sxperience and
comparative basis which were either over safe or under designed. Though varicus
investigators gave design formulae later, it was Hudson (1959) who gave the design formula
for breakwater armour weight based on wide ranging experimental study involving structure

slope, wave height, armour density etc.
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From the economic point of view, breakwaters are cost'intensive and would require regular
maintenance to retain their effectiveness. Depending upon site conditions, a stable and
economic structure can be with smaller armour units and/or where profile development is
allowed in order to reach a stable configuration e.g. berm breakwater, submerged breakwater
and reef breakwater. Hence, the selection, alighment, design and construction of the
breakwater must be carefully undertaken after examining the important governing parameters
like predominant direction of approach of waves and their characteristics, tidal range, degree
of protection required, magnitude and direction of littoral drift and the possible effect of these
breakwaters on the shorelines etc, All the time it is researchers’ endeavour to design an

innovative breakwater structure which optimally satisfies the requirements.

There are several sites where complete tranquility is not required and only partial protection
from waves. is desirable e.g. small craft harbours, coastal protection, protection of
tourist/recreation spots on beaches etc. For such sites designing a conventional non-
overtopping breakwater is uneconomical, unmecessary and uncalled for. One of the proposed
solutions, under such situation, is a submerged breakwater which is economical and efficient.
This is a type of low crested structure with its crest at or below the still water level (SWL).
Submerged breakwaters are one of the most commonly built structures to dissipate energy of
the wind generated waves and thereby to prevent their incidence on a water area intended to

protect where the tidal ranges are small.

The wave breaking over submerged breakwater causes great turbulence on lee side. Current
and turbulence together on lee side of submerged breakwater have a strong power of erosion
on a sandy bottom and can thus prevent siltation. Depending upon the parameters like
geometry, height, crest width, armour stone weight and location of the submerged breakwater,
they offer resistance through friction and turbulence, causing maximum wave damping,
energy dissipation, minimum wave reflection and bottom scour, and maximum sand trapping
efficiency. These characteristics bestow the submerged breakwater the status of a structure

that can be used for coastal protection based on specific medel studies.

The reef is a low crested structure which is little more than a homogeneous pile of stones
whose weight is sufficient to resist the wave attack. A submerged reef breakwater is an
optimized structure to highest degree in the class of rubble mound structures as it has neither

the multilayered cross section nor the core and therefore can’t fail catastrophically and wave
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reflection is also relatively less due to its porous nature. Compared to impermeable structure,
reef is safer, It is fundamentally built to break the steep waves and dissipate wave energy. The
simplicity of the reef could be the significant factor in keeping down the construction cost and

it could be an optimum structure for many situations in the cases of beach protection,

Based on limited studies it has been proved that a conventional breakwater may be protected
by a suitable submerged structure located in the front. This profective structure breaks the
steep waves and attenuates them before they propagate and impinge on the inner main
breakwater. It is recognized that a submetged reef can offer such 2 protection to the i inner
main breakwater. This technique may be used to rehabilitate the damaged breakwater as well
as to design an economical defenced breakwater as an alternative to the conventional

structure. This topic of design of a defenced breakwater is selected for the present study.

10.2 SUMMARY OF MODEL TESTS
It is decided to experimentally study the performance of a 1:30 scale model of protected
breakwater, where, a seaward submerged reef protects the inner main breakwater, under
attack of varying wave climate in changing depths of water. The experlment would include
investigation of:

1. Stability of conventional breakwater.

2. Armour stone stability of a trapezoidal submerged reef.

3. Wave transmission at reef and wave height attenuation.

4. Influence of spacing (i.e. energy d1ssnpat10n zone) between the structures on stability

of main breakwater, '
5. Influence of varying reef crest width on stability of main breakwater for a reef

placed at a selected seaward location.

Therefore, the aim of the present study is to evolve a design of defenced breakwater where, 2

seaward submerged reef offers complete protection of the main breakwater.

In the first phase, a 1:30 scale model of a breakwater, of trapezoidal cross section with a
untform slope of 1V:2H, is constructed on the flat bed of the flume, with primary stone
armour of weight of 73.2gms (i.e. nominal diameter, Dhnso, of 0.0298m) for a design wave of
0.1m. Its crest width is 0.1m and height is 0.70m. The secondary armour and core is designed

as for a conventional breakwater (US Army Corps of Engineers 1984). This model is tested
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for armour stability for different waves of 0.1m to 0.16m of period varying from 1.5sec to

2.5s¢c generated in depth of water ranging from 0.3m to 0.4m.

In the second phase, a 1:30 scale model of a trapezoidal submerged reef, of slope 1V:2H,
height (h) of 0.25m and crest width (B) of 0.1m is constructed over the flat bed of the flume
with armour of weight varying from 15gms to 35gms. This section is tested for stability of its
armour under varying wave characteristics in a critical depth of 0.3m of water. It is observed

that reef with an armour of 30 gms i stable.

In the third phase, a stable trapezoidal submerged reef having a slope of 1V:2H with a crest
width (B) of 0.1m, height (h} of 0.25m and is constructed with an armour of 30gm., The waves
of varying heights and periods are generated in depth of water of 0.3m, 0.35m and 0.4m.
These waves pass over the reef constructed and transmitted the wave heights are recorded for
every Im upto a distance of 8m on the leeside. It is observed that up to a distance of 4m on
the leeside of the reef, waves are attenuated by about 50%, beyond which there is no

significant increase in wave attenuation.

The tests are repeated, in the fourth phase, with a reef of crest width 0.1m at different
locations within the effective distance of 4m. From the wave height attenuation observed, it is
found that reef at 2.5m could be the required spacing between structures that calls for further
study with different reef crest widths. Then, at this particular location (of 2.5m seaward of the
inner (main) breakwater), the reef crest widths (B) are varied from 0.1m to 0.4m as desired, to

arrive at a crest width that completely protects the main breakwater.

The model tests are initiated by surveying the model cross section with the profiler, which is,
the reference survey (initial profile) for comparison of subsequent surveys (final profile after
damage). The models are subjected to a series of initial wave height (H;) starting from 0.1m
and then gradually wave height is increased by 20% each time till it reached the highest value
of 0.16m for a selected period. 3000 waves are run in bursts for each trial (which is equivalent
to an actual storm of 6.85 hours to 11.41hours) or the failure of the structure whichever
occurred earlier. Damage level (S) of the breakwater is calculated as the ratio of area of
erosion (A¢) to square of nominal diameter (Dyso) of breakwater armour unit. The fatlure in
these tests is defined as the displacement of primary armour stones so that filter layer is

exposed to wave action. The final profile of the damaged breakwater is again surveyed.
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10.3 SUMMARY OF CONCLUSIONS

10.3.1
I.
2.

Conventional breakwater
The damage level S increases with the increase in Hy/gT?, d/gT? and Ny.
The maximum run up and run down are respectively 1.57 times and 0.95 times the
deep water wave height.
The breakwater damages are in the range of 1,5 t0 10.0, 2.0 to 13.4 and 1.81 to 14.5 in
the depths of 0.3m, 0.35m and 0.4m respectively. |
Maximum damage levels in the depth of water of 0.3m, 0.35m and 0.4m increase
from 8.3 to 10.0 (i.e. 20.48%), 10.8 to 13.4 (i.e. 24.07%) and 8.05 to 14.5 (i.e. 80.1%)
respectively, _
As the depth of water increases from 0.3m to 0.35m (i.e. 16.67%) the maximum
damage level of the breakwater increased from 10 to 13.4 {1.c. by 34%) and at a depth
of 0.4m (ie. an increase of 33.3% w.r.t 0.3m) damage level increases from to 14.5 (i.e.
by 8.2%).
Considering all the ranges of dfg'l."2 (i.e. waves in all depths of water of 0.3m, 0.35m
and 0.4m), the increase in damage levels are 9 to 14.5 (61%), 10 to14.23 {(42.3%) and
8.3 to 10.80 (30.1%) for waves of periods of 1.5 sec, 2.0sec and 2.5sec respectively,
In the depth of water of 0.3m, 0.35m and O.4ﬁ1, maximum damage levels increase
from 8.3 to 10.0 (i.e. 20.48%), 10.8 to 13.4 (i.c. 24.07%) and 8.05 to 14.5 (i.e.
80.1%)respectively.,
Zero damage wave heights (Hyq) are minimal at a depth of 0.4m and a wave period (T)
of 2sec indicating least breakwater stability. Minimum stability of the breakwater 1. e,
S=1321t0 1.57 occurs for 43 <§ < 4.8,
Zero damage wave heights are up to 30.6% lower and 8.1% higher than the design

wave of 0.1m.

Submerged reef _

The optimurn armour stone weight for a stable reef is 30gm.

Reef may be located within a maximum distance of 4m (i. e. X/d of 13.33) seaward of
the main breakwater for major experimental work of involving protected (defenced)
breakwater as waves are attenuated by about 50%, beyond which there is no

sighificant increase in wave attenuation.
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10.3.3

10.

Protected breakwater with a reef of crest width 0.1m (i. e. B/d=0.25 to 0.33)
located at a seaward Spacing of 1m (i, e. X/d=2.5t03.3)

The transmission coefficient (K;) decreases with increase in Hy/gT? and W/d and
decreases with decrease in F/H; and df gTz. But the trend of variation of K, with BT,
is unclear,

K, drops from 0.95 to 0.82 (13.68%), 0.95 tc 0.87 (8.42%) and 1.0 to 0.94 (6.0%) for
h/d of 0.833, 0.714 and 0.625 i.e. depths of 0.3m, 0.35m and 0.4m respectively,

For -0.312 < F/H; < -1.5 and .aIJ_ ranges of d/gTz, K¢ increases from 0.826 to 1.0
(21%), 0.84 to 1.0 (19%) and 0.858 t01.0 (16.55%) for 1.5sec, 2sec and 2.5sec
respectively.

The maximum run up and rundown are respectively 1.56 times and 0.90 times the
deep water wave height.

For a depth of water of 0.3m the relative run up is 5% to 15% less and relative
fu.ndown is 17% to 28% less compared to conventional breakwater where as for
other depths of water there is no significant reduction.

The damage level S increases with the increase in Hy/eT’, F/H,, d/gT B/L, and
decrease in h/d.

The maximum da.mage levels increase from 5.0 to 6.78 (35.6%), 7.18 to 12.35

{(72%) and 8.67 to 13.89 (60.21%) for the depths of 0.3m, 0.35m and 0.4m (i.e. b/d

of 0.833, 0.714 and 0.625) respectively. -

As 0.0] < B/Lx 0.0285, considering all ranges of Hy/gT?, damage levels increase
from 0.32 to 6.78, 0.55 to 12.35 and 1.31 to 13.89 for depths of 0.3m, 0.35m aud
0.4m (h/d of 0.833, 0.714 and 0.625) respectively.

Maximum damages to defenced breakwater are reduced by about 4% to 41%

'compared to conventional breakwater.

Zero damage wave heights are 2.3% to 56% higher than those obtained for

conventional breaicwater.
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10.3.4

Protected breakwater with a reef of crest width 0.1m (i. e. B/d = 0.25 t0 0.33)
located at a seaward spacing of 2.5m (i. e. X/d = 6.25 to 8.33)

. The transmission coefficient (K,) decreases with increase in HD/'gTZ, B/L, and h/d

and decreases with decrease in F/H; and d/ gTz.

K drops from 0.76 to 0.66 (13.1%), 0.79 to 0.66 (16.4%) and 0.84 to 0.68 (19%) for
h/d of 0.833, 0.714 and 0.625 (le. depth of water of 0.3, 0.35 and 0.4m)
respectively.

K\ increases from 0.64 to 0.7 (9.4%), 0.696 to 0.8 (14.9%) and 0.71 to 0.84 (18.3%)
for wave periods 1.5sec, 2sec and 2.5sec, respectively.

The maximum run up and run down are respectively 1.24 times and .73 times the
deep water wave height.

Run wp and rundown are reduced 35% to 38.6% and 6% to 30.8% respectively
compared to conventional breakwater.

The damage level S increases with the increase in Hy/gTZ, F/H,, d/eT? B/L, and
decrease in h/d, |
Damages at depth of water of 0.3m are nil.

At the depth of water of 0.35m the maximum damage levél of the breakwater
increases from 3.58 to 6.28 (i. e. a rise of 75.4%) and at a depth of 0.4m damagé
level increases from 5.31 to 8.7 (1. e. arise of 63.8% ).

As the depth of water increases from 0.35m to 0.4m (i.e. 0.005<d/gT?<0.015 to
0.006<d/gT><0.018) and 1.45x10° < Hy/gT? < 7.85x10%, the maximum damage
level increases from 6.28 to 8.7 (i. e. a rise of 38.5%), 4.94 to 7.06 (i. &, 42.9%) for
3.58 10 5.31 (1. e. 48.3%) for a wave period of 1.3sec, 2sec and 2.5sec respectively.

10. Damages at depths of water of 0.35m and 0.4m are 40% to 66% less compared to

11.

1

conventional breakwater.
Zero damage wave heights are 8.7% to 75% higher than the conventional

breakwater,

10.3.5 Protected breakwater with a reef of cres‘t width 0.2m (i. e. B/d = (.50 to 0.67)

located at a seaward spacing of 2.5m (i. e. X/d = 6.25 to 8.33)
K. drops from 0.57 to 0.43 (24.6%), 0.75 to 0.53 (29.3%) and 0.887 to 0.6 (32.6%)
for h/d of 0.833, 0.714 and 0.625 (i.e. depth of water of 0.3, 0.35 and 0.4m)

respectively.
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Ky inereases from 0.43 t0 0.7 (62.7%), 0.43 1o 0.72 (67%) and 0.49 o 0.887 (81%)

wave periods of 1.5sec, 2sec and 2.5sec respectively.

. The maximum run up and run down are respectively 1.06 times and 0.54 times the

deep water wave height.

Relative run up and run down are 37.5% to 48.7% and 38.5% to 75% lower than
those of conventional breakwater, _
At depths of water of 0.3m and 0.35m, damages fo the breakwater are nil and
negligible respectively.

Damages S of 3.06 and 3.4 occur at 0.006 < d/gT* < 0.018 i.e. in depth of water of
0.4m (h/d = 0.625) which are 75.42% and 76.55% lower compared to conventional
breakwater.

Zero damage wave heights are 60.38% higher than the conventional breakwater.

10.3.6 Protected breakwater with a reef of crest width 0.3m (i. e. B/d = 0.75 to 1.0)

1.

located at a seaward spacing of 2.5m (i. e. X/d=6.25 to 8.33)

K. drops from 0.55 to 0.4 (27.27%), 0.62 to.0.48 (22.58%) and 0.8 to 0.48 (40%) for
h/d of 0.833, 0.714 and 0.625 (i.e. depth of water of 0.3, 0.35 and 0.4m) respectively
K, increases from 0.43 to 0.71 (65.1%), 0.4 t0 0.7 (75%) and 0.41 to 0.8 (95.1%) for
wave period of 1.5sec, 2sec and 2.5s€c respectively.

The maximum run up and run down are respectively 0.97 times and 0.44 times the
deep water wave height.

For the parameters considered in the study, the relative run up and run down are
36% to 55% lower and 51% to 73% lower compared to that of the conventional
breakwater.

The breakwater damages, at all the depths of water, are negligible. Therefore, the

. defenced breakwater is completely protected from all the waves and the structure is

totally safe for test parameters considered.

10.3.7 Protected breakwater with a reef of crest width 0.4m (i.e. B/d = 1.0 to 1.33)

1.

located at a seaward spacing of 2.5m (1. e. X/d = 6.25 to 8.33)

K, decreases from (.55 to 0.38 (30.9%), 0.64 to 0.53 (17.19%),) and 0.708 to 0.55
(22.32%),) for b/d of 0.833, 0.714 and 0.625 i.e. for depths of water of 0.3m, 0.35m

and 0.4m respectively,
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10.3.8

—

K increases from 0.38 to 0.69 (81.6%), 0.4 to 0.65 (62.5%) and 0.42 to 0.708
(68.6%) for wave periods of 1.5sec, 2sec and 2.5sec respectively.

K. decreases with an increase in B/L, and with an increase in range of H,/ gTz. But
this is clearly seen only for depth of water of 0.35m.

The maximum run up and run down are respectively 0.99 times and 0.53 times the
deep water wave height.

Relative run up and run down are 36% to 51% and 33% to 75% less compared to
that of the conventional breakwater,

Damages at depths of water of 0.3m are nil,

Noticeable breakwater damage levels of 2.12 and 2.75 and 3.97 occur for depths of
0.35m and 0.4m which are 85.4% lower and 72.6% to 77.9% lower respectively
when compared to those of the conventional breakwater,

The zero damage wave height (H,;) for depths of water of 0.35m and 0.4m are
respectively 74% and 49.03% higher than those of the conventional breakwater.

Protected breakwater with a reef of crest width 0.1m (i. e. B/d =0.25 to 0.33)
located at a seaward spacing of 4.0m (. € X/d=10.0 to 13.33)
K. drops from 0,602 to 0.51 (15.8%), 0.67 to 0.56 (16.4%) and 0.72 to 0.59 (18%)
for 0/d of 0.833, 0.714 and 0.625 i.c. for depths of waier (d) of 0.3m, 0.35m and
0.4m respectively,
K, increases from 0.51 to 0.606 (18.8%), 0.55 to 0.68 (23.6%) and 0.587 to 0.72
(22.6%) respectively for I.Ssec, 2sec and 2.5sec respectively
The maximum run up and run down are respectively 1.0 times and 0.65 times the
deep water wave height. _
Run up and run down are reduced by 33% to 61% and 15% to 49% respectively
compared to conventional breakwater.
Damages at depth of water of 0.3m are nil.
For depth of 0.35m and 0.4m (i.e. W/d = 0.714, 0.625), maximum damage varies
from 2.1 t0 3.23 (i. e. arise of 53.8%) and 3.23 to 5.35 (i. €. by 65.6%) respectively.
Consideting the complete variation Ho/gT? and all the ranges of d/pT” (i.e as the
depth of water increased from 0.35m to 0.4.), for the wave period of 1.5sec, the
maximum damage level of the breakwater increases from 3.23 to 5.35 (65%), it
mereases from 2.26 to 4.59 (103%) for the wave period of 2.0sec while maximum

damage level rises from 2.1 to 3.23 (53.8% for the wave period of 2.5sec.
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8. Damages at depths of water of 0.35m and 0.4m are about 63% to 80% less
compared to conventional breakwater

9. Zero damage wave heights are 43.96% to 91% higher than that of the conventional
breakwater. '

10.3.9 Protected breakwater with a reef of crest width 0.2m (i. e. B/d =10.5 to 0.67)
located at a seaward spacing of 4.0m (i. e. X/d =10.0 to 13.33)

1. K decreases from of 0.53 to 0.37 (30.2%), 0.62 to 0.4 (35.5%) and 0.7 to 0.55
(21.4%) for h/d of 0.833, 0.714 and 0.625 i.e. for water depth of 0.3m, 0.35m and
0.4m respectively.

2. For wave periods of 1.5sec, 2sec and 2.5sec, K, increases from 0.37 to 0.63 (70.3%),
0.4 to 0.65 (62.5%) and 0.42 to 0.70 (66.7%) respectively for all the ranges of d/gT?
and F/H;.

3. The maximum run up and run down are respectively 0.98 times and 0.53 times the
deep water wave height,

4. Run up and run down are 31%p to 50% and 16% to 74% lower compared to that of

~ the conventional breakwater.

5. Damages at depths of water of 0.3m and 0.35m are nil. _

6. Breakwater damage level (S) of 2.31 oceurs at depth of water of 0.4m which is about
84% less compared to conventional breakwater.

7. Zero damage wave height is 88% higher than that of the conventional breakwater.

104 CONCLUSIONS FOR PROTECTED BREAKWATER

The conclusions for protécted breakwater, with a conventional inner (main) breakwater and a
submerged reef of height (h) of 0.25m with a varying crest width (B) of 0.1m, 0.2m, 0.3m and
0.4m (i.e. B/d varying between 0.25 and 1.33) located seaward of the breakwater at a spachlg
(X) from 1.0m , 2.5m and 4.0m (i.e. X/d varying between 2.5 and 13.33), are summarized and

compared with those of the conventional breakwater and are listed in Table. 10.1. .
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Table. 10.1. Comparison of conclusions for conventional breakwater

(CBW) and. Protected breakwater

Protected breakwater with a submerged reef
Sl of crest width B (m) located at seaward spacing of X (m)
Parameter CBW
No. B=0.1 X=2.5 X=4.0
X=1.0 | B=0.1 B=0.2 | B=03 | B=04 | B=0.1 | B=0.2
1 Max. Ry/H, 1.57 1.56 1.24 1.06 0.97 0.99 1.0 0.98
Present Ry/H,
compared with
2 —mmmeems 5-15 35-38.6 37.5- 48 36- 55 36-51 33-061 31-50
CBW
(% Lower)
3 Max. Ry'H, 0.95 0.9 0.73 0.54 0.44 0.53 0.65 0.53
Present Rg/H,
compared with
e 17-28 6-30.8 38.5-75 51-73 33-75 15 -49 16-74
that of CBW
(% Lower)
5 K(X 107) —— 82-100 66 - 84 43 -89 40 - 80 38-71 51-72 37-70
K (X 107)at
6 d=10.30m 82-95 66 -76 43-57 40- 55 3R-55 51-60.6 37-53
d=10.35m 87-95 66-79 53 -75 48 -62 53-64 56 -67 40 -62
d=0.40m 94-100 68 -84 60 -88.7 48 - B0 55-71 59-72 55-70
K, (X 10%)at
5 T=1.5sec §2.6-100 64-71 43-70 43-71 38-069 51— 60.6 37-63
T=2.0sec B4-100 69.6 - 80 43-72 40-70 40 - 65 55-068 40 - 65
T=25sec 85.8-100 71 -84 49 -B8.7 41 -80 42 -71 58.7-72 42 -70
Max. Sat
§ d=0.30m §3-10 5.0-6.78 Nil Nil Nil Nil Nil Nil
d=0.35m 10.8-13.4 7.2-12.4 3.6-6.28 Neg Nil 0-2.12 2.1-3.23 Nil
d =0.40m 8.05-14.5 8.7-13.9 5.3-87 0-34 Nil 0-3.97 323535 | 0.5-23
Max. S at
g T=1.5s¢ec 9.0-14.5 6.8-13.9 6.3-8.7 Dto3.4 Nil 0-397 3.23-5.35 0.3-23
T=2.0sec 10-14.2 59-12.6 49-7.06 Neg Nil Nil 2.26-459 Nil
T=2.5sec 8.3- 10.8 5.0-8.67 3.6-5.31 Neg Nil Nil 2.1-323 Nil
Present S
100
compared with
10 | . .| e 4- 4] 40 - 66 75.4-76.6 No 72.6-85.4 63-80 84
that of CBW
damage
(% Lower)
Present Hyg
PBW is
11 compared to CBW s 2.3-56 8.7 -75 60.38 ; 49 - 74 43.96-91 88
sale
(% Higher) )
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It can be seen from the table that the damage of the conventional breakwater reduced by 4%
to 41% as the breakwater is protected by submerged reef of crest width 0.Im, built at a
seaward spacing of 1.0m. Then, keeping the crest width of the submerged reef constant at
0.1m and increasing the spacing between the structures (X) from 1.0m to 2.5m, reduced the
damage of the inner main breakwater up to 66%. Further, for the same spacing (X) of 2.5m
between the structures, increasing the reef crest width from 0.1m to 0.3m reduced the damage
of the protected conventional (main) breakwater to zero. Then, as the reef crest width is
‘nereased from 0.3m to 0.4m for the same spacing of 2.5m, damage of breakwater increased
from zero to about 15% to 28% of the conventional breakwater (i.e. a reduction of 72.6% to
85.4%). It can also be seen from the table that the damage of the conventional breakwater
increased to 20% to 37% (i.e. a reduction of 63% to 80%) and 16% (i.e. a reduction of 84%)
of the conventional breakwater respectively for a submerged reef of crest width 0.1m and
0.2m, located seaward at a spacing (X) of 4m. The model tests show that a submerged reef of
crest width 0.3m located at a seaward spacing of 2.5m completely protects the conventional
(main) breakwater for the test conditions considered. For this scenario, it is observed that, the

optimum range of relative reef crest widths are 0.035 < B/L, < 0.045 and 0.6 <B/d <0.75.

10.5 DESIGN OF DEFENCED BREAKWATER

From the model tests of the protected breakwater, it is concluded that the geometry of the
protected breakwater with a conventional breakwater and a submerged reef of crest width
0.3m located at a seaward spacing of 2.5m is totally free from damage. This is because the
reef breaks most of the incident waves, dissipates their energy while the transmission

coefficient varies between 0.4 and 0.8 and completely safeguards the breakwater.

Considering the above details, a stable defenced breakwater is designed with a trapezoidal
conventional breakwater and submerged reef separated by a spacing of 2.5m. The breakwater
has a slope of 1V:2H and primary armour of stones of 36gm (i.e. nominal diameter of
0.0235m) which is designed for a wave height 0.08m (i.e. assuming a reduction of 20% in the
design wave height of 0.1m for a K value of 0.8). This gives an armour weight of about 50%
of that of original conventional breakwater. Considering the maximum run up of 0.1m for this
geometry of the main breakwater (from the test observation), a crest height of 0.5m is fixed.
The reef has trapezoidal cross section of slope 1V:2H, 0.25m high and a crest width of 0.3m

is designed and the armour stone is weight 30gms.
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10.5.1 Model test of defenced breakwater
This model is tested for the similar test conditions as the earlier model studies. It is found that

the damages of the main breakwater are zero and the reef completely protects the breakwater.

|

/ .

Further, sufficient number of waves of height 0.1m (design wave) are generated in depth of /

water of 0.3m and 0.4m to break over the inner (main) breakwater, so that reflection from the |

I

structure resulted a wave of height of about 0.13m breaking at the reef while a wave of 0.12m 'i

impinging on the inner (main) breakwater. It is found that, the damages to inner (main) |

breakwater are nil and this geometry of defenced breakwater is safe for these test conditions. |

Then, the same defenced breakwater is subjected to waves of height 0.Im (design wave)
which are generated in a depth of water of 0.3m and 0.4m continuously, such that partial
clapotis is formed. This resulted in a maximum wave height of 0.149m breaking at the
submerged reef and transmitting a wave of about 0.13m which impinged on the inner (main)
breakwater. It is found that, this geometry of defenced breakwater is safe for these test

conditions even after passing 3,000 waves.

10.6 COST ANALYSIS

The cost analysis of the prototype of the defenced breakwater (details of which are given in
Appendix II) is undertaken. It shows that the defenced breakwater is about 21.08% to 27.2%
economical than the conventional rubble mound breakwater (depending on the site

conditions), both designed for the same operating conditions.

10.7 SCOPE FOR FUTURE WORK
The similar model studies may be undertaken on the protected breakwaters with:
1. Varying structure slopes such as 1V:1.5H, 1V: 2.5H and 1V:3H and economical and
safe geometries of the defenced breakwaters may be evolved.

2. Artificial armour units like concrete cubes etc.
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Appendix 2
Cost Analysis

1. INTRODUCTION

From the model tests of the protected breakwater, it is concluded that the geometry of the
protected breakwater with a conventional breakwater and a submerged reef of crest width
0.3m located at a seaward distance of 2.5m is totally free from damage. Considering this, the
trunk section of a conventional and a defenced breakwater are designed for the same
operating conditions. This chapter explains the details of the analysis and comparison of cost

of prototypes of conventional and defenced breakwater.

2. DESIGN OF CONVENTIONAL RUBBLE MOUND BREAKWATER

2.1 Armour weight

Based on the investigations conducted in the wave flume, the trunk section of a
conventional non-overtopping breakwater of primary armour weight (W) of 2.0Ton is
designed using Hudson (1959) formula. However, stones of 2Ton to 3Ton are
recommended. The weight of the stones in the secondary layer is W/10=200Kg but stones of
200Kg to 500K g are used (Contract C-2 1994-95). A toe of 200Kg to 500Kg stones, of top
width 4.8m and 3.6m high is provided at the bottom at both the ends.

2.2 Breakwater height
The maximum run up observed is about 1.6 times the wave height which is about 4.8m in a
water depth of 12m. This results in a breakwater height of 16.8m. However, breakwater crest

elevation is fixed atl1 8m.

2.3 Thickness of layers
The thickness of primary and secondary layer is calculated as 2.2m and 1.0m respectively.
The minimum crest width should be sufficient to accommeodate 3 stones and crest width of

4.5m is provided.
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2.4 Design parameters of conventional rubble mound breakwater

Design wave height, H :3.0m
Design Armour weight, W :2.0Ton
Armour weight range :2.0 to 3.0Ton
Specific gravity of armour, Sr :2.8
Mass density of armour unit : 2.80 T/cum
Relative mass density of armour unit, pq : 1.8 T/cum
Layer coefficient Ka §3. 05
Porosity of

Primary :43%

Secondary : 39%

Core :36%
Depth of water : 12m
Breakwater height : 18.0m
Crest width :4.5m
Breakwater slope = 1V: 2H
Thickness of primary layer G,
Thickness of secondary layer : 1.0mts

Armour weight of secondary layer W/10 200K g to 500Kg
Weight of core material W/200 : 5 Kgto 100kg
Armour weight of toe W/10 : 200 Kg to 500K g

Fig. A gives the dimensions of the conventional breakwater designed.
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3. DESIGN OF DEFENCED BREAKWATER

3.1 Introduction

Based on the conclusions of the present study, it is decided to deign the trunk section of a
defenced breakwater with a inner (main) breakwater of armour stone weight of 50% of that
of the conventional breakwater and a submerged reef located at 75m seaward from the

breakwater.

3.2 Design

The transmission coefficient of the submerged reef of crest width of 0.3m is varying from
0.4 to 0.8. Assuming a conservative value of 20% for the maximum wave transmission, a
design wave of 2.4m is fixed for the design of 1:2 sloped trapezoidal conventional
breakwater. This gives a primary armour weight of 1.0Ton. However, stones weighing
1.0Ton to 2.0Ton are used for construction. Considering the maximum run up for this
geometry of the defenced breakwater in a depth of 12m, a crest height of 15m is adopted.
The crest a width of 4.5m is fixed. A 1:2 sloped trapezoidal submerged reef, of armour stone
weight of 0.7Ton to 1.0Ton, height 7.5m and crest width of 9.0m, is built at a seaward
distance of 75m from the conventional breakwater. Fig. B gives the dimensions of the

submerged reef designed.

3.3 Design parameters of defenced breakwater

Main Breakwater

Design wave height, H :2.4m
Design Armour weight, W - 1.0Ton
Armour weight range : 1.0Ton to 2.0Ton
Specific gravity of armour, Sr ok
Mass density of armour unit : 2.80 T/cum
Relative mass density of armour unit, p, : 1.8 T/cum
Layer coefficient Ka : 1.15
Porosity of

Primary : 43%

Secondary 1 39%

Core 1 36%
Depth of water :12m
Breakwater height : 15.0m
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Crest width

Breakwater slope

Thickness of primary layer

Thickness of secondary layer

Armour weight of secondary layer W/10
Weight of core material W/200

Armour weight of toe W/10

Submerged reef

Side slope
Armour weight
Porosity

Crest height
Crest width

:4.5m

: 1V: 2ZH

: 1.6m

: 0.75mts

- 100K g to 200K g
- 1Kg to 5Kg

: 100K g to 200K g

: 1V:2H

:0.7Ton to 1.0Ton
2 43%

: 7.5m

:9.0m

Fig. B gives the dimen sions of the defenced breakwater desi gned.
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4. QUANTITY ESTIMATION
The density of armour stones for the calculation of their quantity is estimated as follows
(Contract C-2 (1994-1995).

4.1 Sample calculation

Porosity of the primary layer, n =043
Taking volume of primary layer =1m’,
Volume of voids Vy =043 m’
Volume of stones in the layer =0.57
Weight of stones in 1m’ of the layer = volume of stones x mass density of stones
=0.57 x 2.80
=1.6T
Density of primary layer =1.6T/m’
Similarly,
Density of secondary layer =1.7T/m’
Density of core =1.8T/m’

4.2 Quantity estimation

The quantity of armour stones required for conventional and defenced breakwater are
calculated in this section. The quantity of material of the main breakwater section are first
calculated, up to certain level from the chart datum in Stage 1 and these are increased by
15% for possible settlement and/or soft clay conditions due to its large cross section and a
heavy load on the foundation. In Stage 2 the remaining quantity of material is estimated and

the total quantity is calculated.

4.2.1 Quantity estimation of conventional rubble mound breakwater
Table. A gives the estimation of quantity of primary armour, secondary armour and core per
metre length of the breakwater as per the design parameters given in section 2.4 and with

reference to Fig. A.

4.2.2 Quantity estimation of defenced breakwater
Table. B gives the estimation of quantity of primary armour, secondary armour and core per
metre length of the breakwater as per the design parameters given in section 3.3 and with

reference to Fig. B.
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Table. A. Quantity estimation per metre length of conventional rubble mound breakwater

a) Stage-I Construction (-3.0m C.D.)

Total
Sl Density Length Breadth Depth | Quantity
Layer 5 No. Quantity
No. (T/m”) (m) (m) (m) (Ton)
(Ton)
Filter layer
1 1.8 2 1.0 19.0 0.50 342 34.2
(1 to Skg)
1.8 2 1.0 = 16 1.50 94.5
1.8 2 1.0 9.1 2.00 05.52
Core layer
2 (5 to 100ke) 736.2
to
y 1.8 2 1.0 = 7 1323
1.8 2 1.0 13.7 9 443 88
—3 Secondary
layer 17 2 1.0 10-2; 12 1.00 37.74 37.74
(200-500kg)
4 | Primary layer
o 1.6 2 1.0 6.0+10.2) | 220 57.02 57.02
(2.0t03.07T) 2
5 | Toe layer
17 2 1.0 13.0+4.8) | 3,60 108.94 108.94
(200-500kg) 2

The quantities calculated above shall be increased by 15% for settlement and soft clay

conditions.

1.

I S

Filter layer

Core layer

Secondary layer

Primary layer

Toe berms

(1kg to S5kg)
(5kgto100kg)
(200kg to 500kg)
(2.0Tt03.0T)
(200kg to 500kg)

342 x1.15
736.2x1.15
37.74 x 1.15
§7.02 % 1.15
108.94 x 1.15

=39.33 Ton

= 846.63 Ton
=43.4 Ton
=65.58 Ton
=125.28 Ton
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b) Stage-II Construction (+6.0m C.D)

Total
SL Density Length Breath Depth | Quantity .
Layer N No. ' quantity
No. (T/mr) (m) (m) (m) (Ton)
(Ton)
1.8 2 1.0 12.2 6 131.76
Core layer 2
1 164.16
(5 to 100kg)
1.8 2 1.0 1.50 6 324
Seconda :
H 1.7 % 1.0 162 +16.0 1.00 54.74
layer 2
2 (200 60.27
to
1.7 1 1.0 3.5+3.0 1.00 5.53
500kg) 3
Primar
ey 1.6 2 | 10 | @4+16D) | 220 | 13235
layer 2
3 (20T 146.43
0Tto R
1.6 1 1.0 (4.5+3.5) 2.20 14.08
3.0T) 2
ilo6
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Table. B. Quantity estimation per metre length of defenced breakwater

a) Stage - I Construction (-4.0m C.D.)

Total
Sl i Length Breath Depth ;
Layer Densiy No. 5 P Quaiity Quantity
No. (Ton/m’) (m) (m) (m) (Ton)
(Ton)
Filter layer
1 1.8 2 1.0 12.40 0.50 22.32 22.32
(1 to S5kg)
1.8 2 1.0 13.0 8.0 187.2
Core layer 2
2 504.0
(1 to Skg)
1.8 2 1.0 11.0 8.0 316.8
Secondary
3 Layer 1.7 2 1.0 14+213-6 0.75 35.19 35.19
(100 to 200kg)
Primary
Layer
4 Y 16 | 2| 10 11.4+13.6 160 | 640 64.0
(1Ton to 2
2Ton)
Toe berms
5 17 % 1.0 3.5+8.2 2.35 46.74 46.74
(100t0200kg) 2
Submerged
8 1.6 2 1.0 10.72 75 128.64
breakwater 2
6 236.64
(0.7Ton to
1.6 2 1.0 4.50 7.5 108
1.0Ton)

The quantities calculated above shall be increased by 15% for settlement and soft clay

conditions.

1.

2
3
4.
5

Filter layer

Core layer

Secondary layer

Primary layer

Toe berms

(1Kg to 5Kg) 2232 x 1.15
(1Kgto 5Kg) 504x1.15

(100Kg to 200Kg) 35.19 x 1.15
(1.0Tt02.0T) 65.02 x 1.15
(100Kg to 200Kg) 46.74 % 1.15

=25.67 Ton
=579.6 Ton
=40.47 Ton
=73.6 Ton

=53.75 Ton
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b) Stage-I1 Construction(+3.0m C.D.)

Total
Sl Density Length | Breath | Depth | Quantity
Layer ,. | Nos Quantity
No. (Ton/m™) (m) (m) (m) (Ton)
(Ton)
Core layer 1.8 2 1.0 %Q 460 | 77.83
1 (1 to Skg) 104.33
1.8 2 1.0 1.60 4.60 26.50
1.7 2 10 |(12+10.6) | 075 | 28.82
Secondarylayer 2
2 | (100 to 200kg) 33.09
1.7 1 1.0 (é%l 075 | 427
Primary layer 1.6 2 1.0 L___15-62+ 12) | 160 | 70.66
3 (1t02T) 80.9
1.6 1 1.0 iié";i-‘?l 1.60 | 10.24

5. ANALYSIS OF RATES

Unit rates of the all items of work arc calculated for 10m’ of material which includes
construction, quarrying, blasting of hard rock, depositing and stacking of useful stones
within a lead of 50m, transportation, weighing and dumping/placing at specified location
with a lead of 8Kms from quarry costs as shown in Table. C. Finally cost per ton of the
armour stone is derived. The cost of preliminaries like equipments, mobilization, msurance,
temporary construction of temporary jetties etc., are not included but are to be estimated
separately and added to the cost of breakwaters. Table. D gives the final unit rates of armour

stones of various sizes (Contract C-2 1994-1995).
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Table. C. Calculation of unit rates of civil works

SL Rate Amount
Deseription of work Quantity Per
No. . (Rs.) (Rs.)
1 Materials
Country blasting powder 4Kg 120/- 1kg 720.00
Country fuse 12m 60/- 1 mt 720.00
2 Labour
Quarry men(for boring holes) 15Nos 150/- each 2,250.00
2Nos 150/- each 300.00

Quarry men(charging holes with Powder

and tampering and firing)

Hammer men(Breaking big boulders) 2Nos 90/- each 180.00

Men (Removing blasted rock to a distance

of 50 sis) 3Nos 90/- each 270.00
3 Loading, Unloading and Transporting

charge 657.00

(8 kms).

5,097.00

4 | Royalties @ 10% on Rs 5,097/- 510.00
5 | Weighing charge Lumpsum 75.00

6 Carriage charge of stone up to breakwaters site and placing
Hire charge of boat or any other

transportation upto breakwater 375.00

construction site into the sea.

Loading and placing in position the stones

with necessary lifting  equipment. 0
7 Sundries, wastage — 10% 636.00
8 Add contractors overhead and profit 20%. 1,400.00
8,393.00
9 So, cost per cubic meter (for average size
ettt 840.00
& weight) 10 ’
4 Cost per Ton 840 x 1060 300.00
2800
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Table. D. Final unit rates of armour stones of various sizes

SL Rate per Ton
Description of layer
No. (Rs.)
1 Filter layer and core stones (1kg to 5kg) 300.00
Core and Secondary layer stones (5kg to 100kg)
2 315.00
(Add 5% extra over ‘17)
Secondary layer stones (100kg to 200kg)
3 v . 330.00
(Add 5% extra over ‘2°)
Primary layer stones (200kg to 500k
4 e e & 348.00
(Add 5% extra over ‘3’)
Primary layer stones (500kg to 700kg
5 Eis ¥ ) 365.00
(Add 5% extra over ‘4’)
Primary layer stones (700kg to 1000kg)
6 e ( ¢ . 383.00
(Add 5% extra over ‘5’)
Primary layer stones (1000kg to 2000kg)
] ke 402.00
(Add 5% extra over ‘6°)
Primary layer stones ( 2000kg to 3000kg)
8 7 ( £ = 503.00

(Add 25% extra over *7°)

6. COST OF CONSTRUCTION

6.1 Cost of construction per metre length of conventional breakwater

The cost of construction per metre length of the conventional breakwater is shown in Table.

E. This is calculated considering the estimation of armour and other material quantities given

in Table. A and the final unit rates calculated in Table. D.
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Table. E. Cost of construction per metre length of the conventional breakwater

Quantity Rate Amount

S.No. Description of work
(Ton) (Rs/Ton) (Rs)

1. Stage-1

Quarrying, transporting, weighing and

dumping/placing at the specified location

by means of floating craft and or end

method upto -3.0m CD (first stage construction) lines,
dimensions and

levels shown in drawing.

a) Filter layer (1kg to 5kg) 11,799

b) Core stones (5kg to 100kg) 39.33 300 2,66,688
c) Secondary layer (200kg to 500kg) 840.63 313 15,103

d) Primary layer (2000kg to 3000kg) 434 348 32,986

) Toe berms (200kg to 500kg) 65.58 503 43,597

125.28 348 3,770,175
Stage-I1
2. Quarrying, transporting, weighing

and dumping/placing at the specified
location to by means of floating craft
and or end on method from top level
of first stage construction to lines,

dimensions and levels shown in

drawings.
a) Core layer (5 kg to 100kg) 164.16 315 51,710
b) Secondary layer (200kg to 500kg) 60.27 348 20,974
c) Primary layer (2000kg to 3000kg) 146.43 503 73,655
1,46,340
3.
TOTAL COST (Stage-I + Stage-II) 516.514/-

6.2 Cost of construction per metre length of the defenced breakwater

The cost of construction of defenced breakwater is shown in Table. F. This is calculated
considering the estimation of armour and other material quantities given in Table. B and the
final unit rates calculated in Table. D.
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Table. F. Cost of construction per metre length of the defenced breakwater

SL.No Description of work iy Rate Amount
Ton Rs/Ton. Rs.
Stage-1
L. Quarrying, transporting, weighing and dumping/placing at
the specified location by means of floating craft and or end-
on method up to -4.00CD (first stage construction) to lines,
dimensions and levels shown in drawing.
a) Filter layer (1Kg to 5Kg) 25.67 300 7,701
b) Core stones (1Kg to 5Kg) 579.6 300 1,73,880
c) Secondary layer (100K g to 200Kg ) 4047 330 13,355
d) Primary layer (1Ton to 2Ton) 73.6 402 29,587
€) Toe berms (100K g to 200K g) 53.75 330 17,738
) Submerged reef (0.7Ton to 1Ton) 236.64 383 90,633
3.32,894
2. Stage-11
Quarrying, transporting, weighting and dumping/placing at
the specified location to by means of floating craft or end on
method from top level of first stage construction to liners,
dimensions and levels shown in drawings.
a) Core layer (1Kg to 5Kg) 104.33 300 31,299
b) Secondary layer (100K g to 200K g) 33.09 330 10,920
c) Primary layer (1Ton to 2Ton ) 809 402 32522
74,741
% TOTAL (Stage-1 + Stage-II)
Construction of defenced breakwarer- system
4,07,635/-

7. COMPARSION OF CONSTRUCTION COST ESTIMATES OF
CONVENTIONAL AND DEFENCED BREAKWATER
The construction costs estimated per metre length of conventional and defenced breakwater

in sections 6.1 and 6.2 respectively are compared in Table. G below.
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Table. G. Comparison of construction cost estimates per metre length

Primary Secondary Weight of Cost per Reduction in cost
SL Type of armour armour core metre w.r.t
No structure weight weight material length conventional
(Ton) (Kg) (Kg) (Rs.) breakwater
Conventional
1 Bhediupater 2.0t03.0 200 to500 5to 100 5,16,514/-/- B
* Defenced
2 Breakwater 1.0t0 2.0 100 to 200 ltos 4,07,635/- 21.08%

From the Table. G, it is seen that the defenced breakwater is 21.08% cost effective

compared to conventional breakwater both designed for the same operating conditions.

* If the quantities estimated at Stage 1 of the defenced breakwater (refer Table. B of section
2.4.2.2) are not increased by 15% for settlement and/or soft clay conditions as the defenced
breakwater is relatively lighter structure, then the cost of defenced breakwater drops and

reduction of its cost with respect to conventional breakwater would be about 27.2%.
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Appendix 3
Brief Resume of Co-ordinators

Contact Address:

Dr. Subba Rao

Professor

Dept. of Applied Mechanics & Hydraulics
National Institute of Technology Karnataka
Surathkal, PO. Srinivasnagar - 575 025, INDIA
Email : surakrec@gmail.com

br. Subba Rao is a Professor in the Department of Applied Mechanics& Hydraulics,
National Institute of Technology Karnataka, Surathkal, since 1984. He has more than
120 research publications in the reputed International & National Journals and
Conferences. He has been conferred with G.MNAWATHE BEST PAPER PRIZE National
award, constituted by Institution of Engineers (India), during the year 1999 at the
National conference on Hydraulics - HYDRO * 99 and the JAL VIGYAN PURASKAR FOR
THE BEST PAPER published in the ISH Journal of Hydraulic Engineering during 2003.
He is the member of many professional bodies. He has guided more than 38 M.Tech
students and one Ph. D scholar. Presently he is supervising six Ph.D theses. He is
actively involved in consultancy in the fields of Hydraulics, Coastal and Geotechnical
Engineering. He was the organising secretary of Indian National Conference on Harbour
and Ocean Engineering, INCHOE-2007.

Contact Address:

Dr. Kiran 6. Shirlal

Assistant Professor

Dept. of Applied Mechanics & Hydraulics
National Institute of Technology Karnataka
Surathkal, PO. Srinivasnagar - 575 025, INDIA
Email : kshirlal@rediffmail .com

Dr. Kiran 6 Shirlal is a post-graduate in Offshore Engineering from IIT-Bombay and
has a Doctorate degree in Coastal Engg from. Presently he is working as Assisatant
Professor in the Dept. of Applied Mechanics and Hydraulics NITK, Surathkal. He has
about 50 research publications in the reputed International / National journals /
Conferences. He has been conferred with JAL VIGYAN PURASKAR FOR THE BEST
PAPER published in the ISH Journal of Hydraulic Engineering during 2003. He has
guided about 20 M.Tech candidates for their dissertation and presently guiding 3 PhD
candidates. He is the member of various professional bodies. He is actively involved in
R&D and Consultancy activities of the department.
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