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ABSTRACT

In the present study, wave transformation due to multiple porous structures in the
presence and absence of vertical rigid wall, barrier-rock breakwaters of various
configurations, multiple horizontally stratified porous absorbers, vertically stratified
porous structure lying on flat seabed, elevated seabed and stepped seabed is analysed
under the oblique wave incidence. The eigenfunction expansion method using the
continuity of pressure and velocity along with mode-coupling relation is adopted based
on linearized wave theory. The direct analytical relations are derived for finding the
wave reflection and transmission coefficients due to porous breakwaters of various
structural configurations. In the preliminary stage, the analytical results are validated
with numerical and physical model results available in the literature. As a special case, a
comparative study is performed between the vertical rigid wall, permeable wall and
stepped wall away from the double horizontally stratified wave absorbers. The vertical
and stepped wall shows almost similar values of wave reflection at each of the
resonating crests, but minimal values of the resonating trough in wave reflection is
obtained from the stepped wall.

A comparative study is performed between single and multiple porous structures of
fixed structural width and depth. The 42% reduction in wave transmission is achieved
with double porous structures as compared with single porous structure for uniform
structural width, which may be due to wave damping in the free spacing available
between the two structures. The distribution of incident wave energy in the form of
wave reflection and transmission is effective in the case of horizontally stratified porous
structure as compared with other structures. The vertically stratified porous structures
performance is partially dependent upon structural width. Higher structural width
effectively reduces the wave transmission as compared with conventional porous
structures. The effect of each layer porosity, friction factor, structural width, incident
wavelength, number of structures, angle of incidence, free spacing and trapping
chamber effect on wave reflection, transmission damping, fluid force on
seaward/leeward sides of breakwater and force on vertical wall is analysed for various
types of porous structures. The critical angle due to standing waves, fluid resonance in
the free spacing and clapotis has an efficient role in the design of porous structures.

Keywords: Multi-layered porous structure; stratification, wave reflection; energy
dissipation; friction factor; step-type seabed.
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study.

Convergence in K, and K, of a multi-layered porous structure
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CHAPTER 1

GENERAL INTRODUCTION

1.1 PERMEABLE

The survivability of marine infrastructure is partially/fully depends upon the coastal
structures. Various types of breakwaters such as trapezoidal, semi-circular, thin/thick
vertical breakwaters, and a group of piles are constructed in the offshore regions to
establish a calm wave environment in the shoreward regions. The optimal aim of
breakwaters is to have high wave damping and wave breaking. However, the available
breakwaters are unable to meet the requirements in most of the situations, and the effect
of incoming wave energy is observed to be high on shoreward regions due to global
warming and sea-level rise. Numerous coastal structures get damaged due to extreme
wave attacks and create a situation to reconstruct the structures. Catastrophic storms
and tremendous wave attack on the breakwaters are some of the primary reasons for the
failure of the structures. The entire structure displacement, foundation failures, erosion
at the toe, and failures from weak points at the structure are significant failures causing
over maintained and reconstruction of the breakwaters. The necessity of increasing the
life span of the breakwater is mandatory for protecting the natural resources and
creating job opportunities from the ocean. Some studies (Karmakar and Guedes Soares,
2014; 2015) demonstrated that the rigid breakwaters are controlling the coastal erosion
in the parent coast and enhance the severe erosion in their adjacent beaches
(Pondicherry, India). The particular reason behind the coastal erosion in the adjacent
coasts is that the breakwaters divert the wave energy from one coast to its nearby coast,
which increases the coastal erosion in the adjacent coasts. Numerous researchers
demonstrated that the locations, where the rigid breakwaters could not able to provide
satisfying results (Behera and Sahoo, 2014). In those locations, the submerged and
fully-extended thick and thin porous structures are one of the perfect solutions to control

the incoming waves as well as creates tranquillity wave climate at ports and harbours.

The majority of the world population are residing near the coastal areas. The natural

resources and cargo handling in ports and harbours are the primary reason for the high
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population near the coastline. The ports and harbours are identified as the most common
coastal infrastructures, which must be protected from high wave impact for safe cargo
handling (Vijay et al., 2019). Coastal erosion, sea-level rise, unprecedented incoming
waves and seawater intrusion, loading, and unloading of the cargo are also some of the
significant problems, which dictate the life span of coastal infrastructure and the
country’s growth. To overcome the aforementioned practical problems, coastal
engineers proposed several types of innovative techniques in the construction of coastal

structures.

The coastal protection can be performed using a hard engineering technique and soft
engineering technique. The hard engineering technique demonstrates the protection of
the shore with coastal structures like offshore breakwaters, artificial headlands, jetties,
groins, submerged, and emerged porous or non-porous breakwaters. On the other hand,
the soft engineering technique which is also called as non-structural management
techniques that cover the artificial vegetation, dune building, and feeding. These
methods are implemented as coastal remedial measures for protecting the coast from
tremendous wave trains. The submerged rigid breakwaters have been used as one of the
feasible solutions for the protection of coasts. Several studies (Behera and Sahoo, 2014;
Karmakar and Guedes Soares, 2014; 2015) demonstrated that the submerged rigid
breakwaters can protect the coast from erosion and at the same time these structures are
diverting the wave energy towards the adjacent coasts, which causes the severe erosion
in the adjacent coasts. Due to the erosion taking place on the adjacent coast, the
government authorities started implementing the submerged and fully-extended porous
structure of different shapes such as rectangular, trapezoidal, and semi-circular
breakwaters for moderate wave reflection, minimal wave transmission and considerable
wave energy absorption. Very recently, the pile-rock porous structures (rock-fill
between two-row of piles) are constructed to overcome the structural failures due to
weak seabed conditions (Liu and Li, 2015; Li et al., 2017). The structural porosity and
friction factor due to porous breakwater enhance the wave damping. Moreover, the
seawalls such as the vertical wall, stepped seawall and curved walls are also constructed
in several locations to reduce the wave impact on the offshore facilities. The optimal
aim of a porous structure is to have considerable wave damping with minimal wave

reflection and transmission (Twu and Chieu, 2000).
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1.1.1 Wauve interaction with breakwaters

Wave interaction with submerged and fully extended structures (structure constructed
till free surface) is a subject of great interest. In the past few decades, the thick/thin
vertical and sloping breakwaters are proposed to control the incoming wave trains in
ports and harbours. The rubble mound breakwaters are the most common structures and
most capable of decreasing the wave elevation at leeward regions. In literature, most of
the studies are performed using physical modelling to analyse the performance
characteristics of a breakwater. The numerical and analytical models are used for
validating the data set obtained using laboratory measurements. In recent years, the
numerical and analytical models have received more attention for analysing the

breakwaters due to its advantage in the accuracy of the numerical results.

1.1.2 Coastal protection through porous structures and seawalls

The permeable porous breakwaters are used to protect the shoreline from wave trains
around the ports and harbours. Figure 1.1 illustrates the porous structures constructed
in some of the locations for regulating the incident wave attack. The porosity, inertia
coefficient and friction factor of the porous structures are taken into account. The
structural porosity can transform turbulent flow into the laminar flow to protect the
coast from a high wave attack. The researchers and scientists (Yu and Chwang, 1994;
Lin et al., 2018) are working on multi-layered porous structures to obtain minimal wave
reflection, minimal wave transmission, and maximal energy damping. The minimum
wave reflection and minimal wave transmission cause the minimal fluid force
experienced by the seaward and leeward interfaces of the breakwater, which enhances
the life span of the porous structure due to the free flow of the incident waves through
porous breakwaters. In the case of the multi-layered structure, the width and depth of
the porous structure are divided into multiple layers. Each porous layer consists of
individual porosity and friction factor. In a horizontal two-layered structure, the
minimal porosity is considered in the bottom layer to protect the breakwater from the
failures and high porosity is considered at upper layers for better wave absorption.
Similarly, in the case of the vertically multi-layered breakwater, the high porosity in
the seaside and minimal porosity in the leeside layer is suggested (Twu et al., 2002) for

higher wave damping.
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Seawalls are the most common coastal protecting structures from tremendous wave
attack. Various types of sea walls are constructed to mitigate coastal erosion as well as
over flooding due to high wave attack. Different kinds of seawalls such as vertical sea
walls, curved walls, stepped seawalls and permeable walls are developed in several
locations. Very recently, an innovative pile-rock structure is constructed in the
Dongying bay China (Liu and Li, 2014) for the protection of coastal infrastructure. The
pile-rock breakwater consists of two-rows of piles placed with finite free spacing and
the free spacing is filled with rocks for wave damping (Figure 1.1b). The two-rows of
piles are useful for protecting the rock-fill from vertical or horizontal displacement. The
new Kelsey bay, Canada constructed a leeside rigid wall away from a thin porous
barrier. Further, the spacing between the thin barrier and rigid wall is filled with rocks
(Isaacson et al., 2000). In general, the thin barriers are useful for the protection of rock-

fill from vertical and horizontal displacements due to high wave attack.

Figure 1.1: Porous structures are protecting the island and coasts from high wave

attack at (a) Mangalore, India and (b) Dongying city, China.

The innovative idea is developed recently by the scientists and engineers for wave
energy absorption with the installation of inclined plates, flexible membranes, multiple
solid and porous plate type breakwaters to reduce the capital construction cost and
maintenance cost (Vijay and Sahoo, 2019). Porous plates and solid plates are frequently
used as a breakwater for better wave reflection in the ports and harbours as temporary
protection. The significant advantages of the porous and solid plates are that this type
of breakwaters occupies less space and it never affects the beach aesthetic. The floating
plate type porous plates can effectively work as a wave energy absorbers and can
overcome the foundation related problems arising during construction. In deep water,

these floating plates are one of the solutions to regulate the high wave trains.
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1.2 MOTIVATION

The coastal structures such as sea walls, fully-extended porous structures, submerged
wave absorbers, group plies, porous and solid plates are constructed in several port and
harbours. The advantages of porous structures compared to conventional breakwaters

are as follows:

e The high incident waves can be attenuated with the use of permeable
breakwaters, which can create tranquillity conditions at ports and harbours
through wave damping.

e The submerged wave absorbers do not affect the coastal aesthetic and marine
transportation.

e The deeply submerged wave energy absorbers are eco-friendly and seawater
level rise does not damage the structures.

e The conventional rigid breakwaters are effective in reflecting the incident waves
and also diverts less wave energy to its adjacent coasts in some locations. In
those locations, the porous structures can control tremendous waves through
high wave energy absorption.

e The vertical and horizontal displacements of breakwaters are quite common in
recent years, and these problems can be solved using the concept of barrier-rock
porous breakwaters.

e The seawalls such as vertical seawall, stepped seawall and permeable walls are
one of the better options in several locations, where the coastline is very near to

the mainlands.

1.3 AIM AND OBJECTIVES

The present study is focused on the wave interaction with porous structures, seawalls,
two-layered porous structures, and vertical permeable barriers. The study aims to
analyse vertical breakwater with suitable porosity, friction factor, structural width, and

angle of incidence for coastal protection.

1.3.1 The objective of the study

The following objectives are framed for the determination of minimal wave reflection

coefficient, transmission coefficient and high wave damping.
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e The wave interaction with multiple porous structures is performed

v

To study the wave damping and wave trapping phenomenon by multiple
structures placed on the horizontal rigid seabed.

To study the effect of the rigid elevated bottom on wave damping and wave
trapping in the presence of multiple porous structures.

To analyse the performance of single and multiple breakwaters considering
identical structural width.

e Analysis of barrier-rock porous structure is performed

v

To propose the direct analytical relations for finding the wave reflection and
wave transmission by barrier-rock porous structures placed on the flat seabed
and elevated seabed.

To study the wave scattering performance of four types of barrier-rock
porous breakwaters such as the structure of finite width, structure away from

seawall, backed by a seawall, and semi-infinite breakwater.

e The performance of the horizontal two-layered porous structures is analysed

v

v

v

To examine the wave damping and wave trapping performance of multiple

horizontal two-layered porous breakwater.

To investigate the effect of various seawalls such as vertical seawall, stepped
seawall, and permeable seawall in the presence of two-layered porous

structures.

To examine the seabed change impact on wave damping and wave trapping

by multiple horizontally stratified porous breakwaters.

e The performance of the vertically stratified porous structures are analysed

v

To study the hydraulic characteristics through vertically stratified porous
structures in the presence of uniform seabed, elevated seabed, and stepped

seabed.

To propose direct analytical relations for finding the wave reflection by two-

layer and three-layer porous front wall.

To analyse the wave action through stratified porous structures with and

without trapping chamber.
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1.3.2 Scope of the work

A substantial contribution to water wave mechanics is made more than a century ago
developed by Airy in 1845. After that higher-order wave theory by Stokes in 1847, a
long-wave approach by Boussinesq in 1872 and limiting wave heights by Michell in
1893 and McCowan in 1894 was developed and studied. The water wave motion
through a porous structure is initiated by Sollitt and Cross (1972) and thereafter,
Dalrymple et al. (1991) examined the effect of oblique wave motion through the porous
structure. In the last few decades, notable studies on different configurations of porous
structures are performed by researchers. The present study is focused on the multiple
porous structures, barrier-rock porous structures, and stratified porous structures with

various types of seawall based on suggestions made by notable authors.

The scope of research work includes normalized values and realistic assumptions in the
analysis of the wave structure interaction. The wave interaction with single and multiple
porous structures of different configurations such as vertically stratified porous
structures, horizontally stratified porous structures, and barrier-rock breakwaters are
considered. The merits and demerits of the structure as breakwater are proposed in
terms of scattering coefficients. Various types of seawalls such as the porous wall,
vertical wall, and stepped seawalls in the presence of various breakwaters are also
examined. The direct analytical relations for determining the wave scattering and wave
trapping is obtained and validated with the available relations. The basic structural
configurations such as porous structures, porous structure away from the wall, backed
by a wall, semi-infinite porous structures are examined and validated with the available
literature. The bottom topography is considered to be flat, elevated, and varied stepped
for sloping type sea bottom profile. The seaward and leeward thin walls are proposed

to reduce the vertical and horizontal displacements of the rock core.

1.4 GRAVITY WAVE DISSIPATION BY POROUS STRUCTURES

In order to protect the shore, single and multiple porous structures are built to mitigate
the effect of wave action. Though there exist different types of breakwaters but almost
80% of the coasts are protected by means of conventional breakwaters (i.e. rubble-
mound or rock dumps). The gravity wave action over the bottom fixed impermeable/

permeable structures is a subject of great interest due to its continuous application in




Gravity wave damping by stratified porous structures

the construction of breakwaters. The selection of proper breakwater configuration is
site dependent and is governed by the most prominent wave height in the nearshore
region. The major challenges for scientists/ coastal engineers are to realign the eroded
beaches and to protect the marine amenities such as coastal infrastructure and
commercial activities from the destructive incident waves. The breakwaters are broadly
classified as floating and deeply submerged/bottom founded structures. In the case of
bottom founded thick structures, there exist several structural shapes such as
rectangular, trapezoidal, semi-trapezoidal, triangular, semi-circular and quarter-circular
structures. In the case of multiple submerged breakwaters, the effect of structural
porosity and free spacing available between any two-consecutive permeable and
impermeable structures plays a major role in damping the unwanted wave oscillations

and mitigates the standing wave formation.

In the present section, the detailed review of the literature is presented on the wave
scattering performance of porous structures, vertical barriers, and sea walls. The
hydrodynamic characteristics of the wave interaction with the porous structure are one
of the influencing factors in the design of coastal structures. Several studies addressed
wave reflection, wave transmission, energy damping, wave run-up, wave elevation, the
fluid force experienced by barriers and force on seawalls in the presence of various
types of breakwaters using least-squares approximation, eigenfunction expansion
method, Boundary Element Method (BEM) and Finite Element Method (FEM). In most
of the studies, the numerical results are validated with available numerical and
experimental results. Several researchers used the eigenfunction expansion method for
predicting the wave behaviour in the presence of wave energy absorbers of
conventional shapes. Orthogonal mode-coupling relation, matching equations based on
continuity of velocity and pressure are used at interfaces of open water and porous
structure regions. The system of equations is developed for finding the wave scattering
performance of breakwaters. The energy loss coefficient by porous structure is
calculated based on the law of conservation of energy. A brief literature review is
presented on wave interaction with various types of coastal structures, seawalls, two-
layered porous structures, and porous screens. Various physical changes in porous
structures, changes in seawalls, and changes in bottom topography in the presence of

different types of breakwaters are discussed in the following subsections.
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1.4.1 Wave scattering by porous structures with changes in seabed

Valuable information in the field of wave structure interaction with changes in the
ocean bathymetry is available in the literature and the bottom topography changes are
considered to be an influencing parameter in wave scattering problems. In the recent
scenario, the sloping beaches are developed for tourism purposes and flat bottom
topography is utilized for ports and harbours. A lot of studies are performed on wave
reflection and transmission due to submerged porous structures, porous barriers, porous
bars, solid plates, porous plates, and very large floating structures with changes in
bathymetry. Apart from the analysis of various structures, numerical models are
developed for analysing the wave behaviour in the presence of elevated bottom, stepped
bottom, sloping bottom, and abrupt changes in bathymetry. Wave propagation with
variations in bottom topography is one of the prominent research areas for
understanding the wave behaviour. Newman (1965a) performed wave reflection and
transmission due to long obstacles by considering the wave diffraction. Further,
Newman (1965b) presented a numerical model for understanding the wave propagation
over infinite step and compared with the experimental results. Davies (1982) performed

wave propagation over undulation ocean bathymetry using perturbation theory.

A significant study has been performed by various researchers to develop new methods
and techniques to reduce the computational difficulties in the analysis of the wave
structure interaction problems. Sollitt and Cross (1972) proposed a complex dispersion
relation to analyse the wave motion inside the porous structure. The porous structure of
finite width placed in the finite depth is analysed using the eigenfunction expansion
approach. The wave reflection and transmission due to the porous structure are
investigated and validated with the laboratory measurements. Several researchers
conducted hydraulic tests to study the performance of breakwaters in various physical
configurations. Sloping type breakwaters are constructed in several locations for
smooth wave breaking. Dattatri et al. (1978) tested the scattering performance of
impermeable and permeable structures with various shapes using laboratory
measurements. The wave transmission by trapezoidal, rectangular, semi-trapezoidal,
and vertical barrier type breakwaters are reported and studied. The 16.5 mm and 43.4
mm aggregates with porosities of 41% and 42% are used for analysing wave behaviour

in the presence of various shapes of permeable and impermeable breakwaters. Variation

9



Gravity wave damping by stratified porous structures

in wave transmission from the vertical and trapezoidal breakwaters are compared. The
reflection coefficient is observed to be higher from vertical breakwater as compared
with a trapezoidal breakwater. In both cases, wave transmission is found to be similar
and energy loss is maximum from trapezoidal breakwater compared to a vertical
breakwater. The study concluded that the shape of the breakwater is an influencing
factor for altering wave reflection and energy loss. Finally, the experimental outcomes
concluded that the semi-trapezoidal breakwater shows better performance in the wave
blocking compared with the other physical configurations. Sulisz (1985) investigated
the wave scattering performance of rubble mound breakwater using BEM and the
results are validated with experimental outcomes. The comparative study concluded
that the numerical and experimental results show a pretty acceptable correlation in the
case of wave transmission. Still, a little high estimation is obtained in the wave
reflection for BEM results compared with experimental results. The study pointed out
that the high estimation in the wave reflection may be due to ignoring the added mass
coefficient. Thereafter, Dalrymple et al. (1991) introduced the effect of incident wave
angle on hydrodynamic coefficients such as wave reflection by porous structure using
matched eigenfunction expansion method. The direct analytical relations for finding the
wave reflection and transmission by porous structure, structure backed by the wall and
semi-infinite structure are derived and reported. The study reported a comparative study
between long-wave reflection and plane-wave reflection along with the effect of
evanescent waves on hydrodynamic coefficients by a porous structure. The study
concluded that the evanescent waves have a significant role in the design of offshore

breakwaters.

Trapezoidal permeable and impermeable structures are the most common coastal
structures used to protect the leeward regions. The exact reason for constructing the
trapezoidal breakwaters is that the stability of the structure due to the existing slope in
the seaward and leeward edges. The slope existing in the structure causes the smooth
wave breaking, which results in the maximum wave energy dissipation. The wave
reflection is minimum compared with caisson breakwaters, but the stability of the
structure is comparatively better for trapezoidal breakwaters. Cox and Clark (1992)
analysed a new physical model that consists of a conventional rubble mound breakwater

along with a submerged reef operating in tandem. The spacing between the two

10
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breakwaters is referred to as a wave damping zone and suggested for the southern end
of Lake Michigan, USA. Reddy and Neelamani (2004) performed a study on wave
forces acting on submerged offshore breakwater using an experimental approach. The
physical properties of the low crested breakwater are kept constant and water depth is
varied considering the tidal rages at that particular location. Rambabu and Mani (2005)
addressed the wave transmission in the presence of submerged trapezoidal permeable
and impermeable breakwater using the boundary element approach. The effect of crest
width, submergence depth of the structure, and effective spacing between the two
submerged trapezoidal breakwaters on wave transmission characteristics is presented.
Further, the study explored the significance of porosity on wave damping. The
independent numerical model is developed for finding the wave transmission through
the permeable submerged trapezoidal structure and compared with the impermeable
trapezoidal structure. The minimum transmission coefficient is achieved in the case of
permeable breakwater compared with impermeable structure due to wave damping.
Mani (2009) conducted a series of experiments for finding the reflection, transmission
characteristics, and wave forces acting on zig-zag porous screen breakwater. The
correctness of the experimental results is tested with numerical results and better

agreement is observed between the numerical and experimental results.

Recently Liu and Li (2013) developed an analytical method to reduce the complexity
in the formulation and study neglected the porous structure dispersion relation for the
analysis of the porous structures. The newly developed analytical study is validated
with the results of Yu and Chwang (1994) and Madsen (1983) and a better correlation
is obtained between the new analytical method and available results. Some of the
studies reported the direct analytical equations to reduce the problems pertaining to
wave scattering analysis of different types of breakwaters. The simplified analytical
relations for finding the wave reflection and transmission coefficients by the finite
permeable wall (Madsen, 1983), finite and semi-infinite porous structure (Darlymple et
al., 1991; Liu and Li, 2013) are proposed for long-wave and plane-wave approximation
(neglecting evanescent waves). Porous structures of vertical edges placed on the rigid
seabed are studied in detail using numerical and experimental methods and the previous
studies performed by various researchers can be extended for the multiple structures of

different shapes considering multiple wave trapping regions.

11
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Very recently, the semi-circular breakwater is proposed for the successful wave
blocking to create the tranquillity wave climate in the beaches and harbours. The
Weihai city, China developed the semi-circular permeable breakwater (Liu and Li,
2013) to protect the leeward locations from the high wave impact. To propose a better
breakwater configuration, Liu and Li (2013) investigated the submerged permeable
semi-circular structure under oblique wave action. The study developed the semi-
analytical technique using eigenfunction and multipole expansions. The minimum
estimation in the wave reflection and transmission is achieved with the semi-circular
structure for the 45° —60° angle of incidence. Thereafter, Koley and Sahoo (2017)
employed the coupled eigenfunction and BEM approach to examine the semi-circular
permeable breakwater placed on the porous bottom and rigid bottom backed by sloping
seawall under oblique wave impinging. The study reported that 70% - 90% wave energy
can be attenuated with a semi-circular permeable breakwater. The porosity and the
radius of the structure play an immense role in the wave energy damping. In the
previous studies, the semi-circular breakwater is widely reported for the uniform
seabed, and it is noted that the studies on semi-circular breakwater can be extended for

the seaward undulating bottom.

1.4.2 Wave interaction with multiple porous structures

The permeable wall is an effective solution to prevent the free passage of incident
waves. Dieppe in France (Belorgey et al., 2003) and Dalian Chemical Production
Terminal in the Republic of China (Huang et al., 2011) constructed multiple permeable
walls to dissipate the incident waves. Recently, coastal engineers focused on the
multiple permeable barriers for better wave energy trapping due to the presence of the
multiple confined regions. Several researchers examined the wave damping and wave
trapping performance of different types of porous and non-porous breakwaters using
analytical, numerical, and experimental methods (Rajendra et al., 2017). Most of the
studies focused on wave damping and wave trapping by multiple wave absorbers due
to its wide application. Twu and Lin (1990) examined the multiple thin porous plates
using long flume and the study reported that the optimal spacing between two porous
plates is 0.88 times of water depth for variable wavelength. Losada et al. (1993)

analysed multiple porous screens as an effective wave damper with the rigid leeward
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wall using the analytical method. The occurrences of Bragg resonance are observed by
multiple periodic screens. The increase in the number of porous screens shows an

effective decrease in wave reflection and an increase in resonating patterns.

The wave damping characteristics by an array of porous structures are performed by
Twu and Liu (2004) using the matched eigenfunction expansion approach. The effect
of geometric properties on reflection, transmission, and energy dissipation is presented.
It is observed that the porosity, structural height, width of the bars and number of porous
bars play a key role in altering the wave reflection and transmission. The significant
variation is observed in wave reflection between the permeable and impermeable bars.
The study concluded that the permeable bars are capable of dissipating the maximum
wave energy and the increase in porosity causes a decrease in the reflection coefficient
and an increase in energy absorption. Sankarbabu et al. (2007) examined the
significance of a group of cylinders consisting of the outer porous layer and a rigid inner
layer. The study focused on the wave force acting on the cylinder using the analytical
method and study results are validated with the laboratory measurements. The study
stated that the wave force impact on the cylinder is reduced with the increase in width
between the cylinders. Afterward, Sankarbabu et al. (2008) extended the study for the
analysis of double cylindrical caisson structures using the eigenfunction expansion
technique. Finally, the study showed an impressive performance of hydrodynamic
characteristics with the double cylindrical system considering the doughnut chamber

width 0.5 (ratio of the rigid inner cylinder to the outer porous layer).

The perforated caisson with three wave damping chambers is constructed in Porto
Torres industrial harbor, Italy (Franco, 1994). Similarly, the perforated caisson
breakwater having five damping chambers is being constructed at Dalian Chemical
Production Terminal, China (Huang et al., 2011; Liu et al., 2007). The wave scattering
by thin barriers of various configurations such as, multiple surface piercing barriers
(Karmakar et al., 2013), multiple bottom-standing barriers (Karmakar and Guedes
Soares 2014, 2015) are reported in the literature using eigenfunction expansion and
least square approximation. Overall, the surface piercing barriers increase the
magnitude of wave oscillations as compared with other types of barriers. Zhao et al.
(2017) extensively studied wave reflection and transmission by an impermeable wall

protected by multiple submerged porous bars in series using the boundary element
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method and eigenfunction expansion method. The study proposed that the performance
of submerged porous bars can be accelerated with the increase in bars for fixed
structural width. The width between the porous bar and the leeward wall has a
significant role in creating the tranquillity condition in the leeward region. To reduce
the construction area required for developing the sloping breakwaters, multiple slotted
walls are introduced and are extensively analysed by Neelamani et al. (2017).
Thereafter, Vijay et al. (2019) reported the wave trapping by multiple slotted walls
using a numerical method and validated with the experimental results. The studies
concluded that the triple walls with 30%-40% porosity are sufficient to reduce the wave
reflection and fluid oscillations in the harbour regions. Behera and Ng (2017), Kaligatla
et al. (2018) reported the wave scattering by multiple barriers in the presence of seabed
variation using the eigenfunction expansion technique. Various seabed configurations
are studied using the mild-slope equation. The study suggests that the wave trapping
can be achieved with the variation in the seabed characteristics and multiple confined
regions due to the presence of multiple barriers. The double porous boxes are proposed
as an effective breakwater system by Vijay and Sahoo (2019) and the study discussed
the formation of clapotis due to the free spacing available between the double porous

boxes.

1.4.3 Effect of seawalls on wave transformation

In the present sub-section, the wave damping and wave trapping by permeable wall
breakwaters are discussed. The permeable wall breakwater consists of a thick/thin
permeable structure placed very near or far away from the rigid seawall. The oblique
wave damping by the porous structure with a solid wall is essential for the practical
engineering design of coastal structures. Madsen (1983) presented the wave reflection
coefficient due to vertical homogenous wave absorber backed by a rigid wall. Matched
eigenfunction expansion method is used and the numerical results are compared with
the experimental result performed by Abbott et al. (1981). The effect of absorber
porosity on the wave reflection is discussed. The study proposed a novel method to

solve the friction factor offered by the porous absorber.

Numerous researchers extended the study as presented in Madsen (1983) and proposed

permeable coastal structures with the leeward wall for the protection of marine
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facilities. Mallayachari and Sundar (1994) examined vertical and seaside sloping
permeable block backed by wall placed on the uniform seabed and sloping seabed using
the analytical method. The study reported that the minimum wave reflection is achieved
with a porous structure placed on sloping seabed compared with the uniform seabed.
Thereafter, Zhu and Chwang (2001) extended the study as in Mallayachari and Sundar
(1994) considering the finite spacing/trapping region between the porous structure and
rear wall. The performance of the absorber is analysed using the eigenfunction
expansions and Finite Difference Method. Finally, the study stated that the change in
the trapping region would minimize wave reflection and increases energy damping.
Chen et al. (2006) performed wave reflection from the submerged bottom-mounted
porous structures with end wall using mild-slope approximation. The time-dependent
mild-slope equation involves the major influencing parameters such as friction factor,
inertia, and porosity existing in the structure. The study is performed for the analysis of
wave behaviour in the presence of vertical breakwater protected with porous structures
on the impermeable flat bottom. Various shapes of the porous structures are examined
and wave reflection from the rectangular, triangular, and trapezoidal porous structures
is presented. Numerical results are compared with analytical results and a better
agreement is observed. The study is extended for sloping bottom and variation in
reflection coefficient in the finite water and shallow water depth are compared. The
maximum wave reflection is observed for the porous structure placed in finite water
depth.

The porous structure placed upon elevated seabed with the back wall is analysed by
Das and Bora (2014a,b) with and without trapping chamber using the eigenfunction
expansion method. The study showed that the increase in rigid step height enhances the
wave reflection due to zero flow near the rigid step. Das and Bora (2014c,d) predicted
wave reflection from the submerged porous structure with the end wall. The slopping
ocean bathymetry is approximated into multiple rigid steps. Each of the rigid steps
consists of a vertical porous layer. Hence, the wave reflection due to the porous
structure placed on the stepped bottom is analysed using the eigenfunction expansion
method. A number of two and seven rigid steps are considered. A very minimal
variation in the wave reflection is observed by porous structure placed on two-step

bottom and seven-step bottom. Very recently, Koley et al. (2015) used the matched
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eigenfunction expansion and BEM approach to investigate the submerged and surface
piercing porous structures away from the wall. The wave reflection, wave force on the
seaward, leeward side of the submerged porous block, and wave force impact on the
leeward wall with variation in the structural height is presented. The study mainly
concentrated on the wave transformation due to the porous structure with uniform
porosity and friction factor. Zhao et al. (2017) examined the single submerged porous
bars in the presence of partially reflecting sidewalls. The wave reflection is presented
using the matched eigenfunction expansion method and the boundary element method.
The distance between the porous bar and lee side wall is observed to play a significant
role in the oscillatory wave reflection.

1.4.4 Wave damping by vertically stratified porous structures

An ideal structure must perform low wave reflection, low wave transmission, and high
energy damping. Thus, it is a challenge for the coastal engineers to design a suitable
breakwater which can perform low wave reflection and transmission coefficients. It is
observed that the fully extended porous blocks with uniform porosity are a better
option, but the performance needs to be improved with new techniques to dissipate the
wave energy. If the porous structure allows minimum wave transmission, then the
structure is considered to enable high wave reflection. If the structure is allowing high
wave reflection, the foundation failure may result while the dissipation of wave energy
through the structure, and in this process the structure will be incapable of protecting
the leeside facilities. Hence, the stratification concept is introduced. The porous
structure consists of multiple porosities and friction factors, which can allow more
waves in the seaside layer due to high porosity. The leeside porous layer consists of
minimal porosity and it will be useful for wave blocking. The high wave energy
damping due to progressive wave absorber is introduced by Le Méhauté (1972) and the
analysis is performed using the numerical approach considering the multiple porosities.
The theoretical outcomes are validated with the experimental results and a better

agreement is obtained between both the study outcomes.

An attempt was made by Twu and Chieu (2000) to adopt multiple porosities in a single
porous structure placed on the uniform seabed to dissipate the maximum wave energy,

and the analytical study using matched eigenfunctions is validated with the laboratory
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measurements. Two-layered and three-layered porous structures are thoroughly
analysed using the hydraulic tests in the presence of the multiple porosities and friction
factors. Finally, the higher porosity in the seaward layer and low porosity in the leeward
layer is suggested for better wave damping. Meanwhile, Twu et al. (2001) extended the
study for deeply submerged porous bars with multiple porous slices. The study stated
that the relevance of the energy damping and multiple porosities in a single submerged
porous bar can dissipate the 50% more wave energy as compared with a single
submerged porous bar with uniform porosity. The multi-layered porous structure could
be constructed for partial shelter to the shores from high wave attack and the application
of the multiple porosities provides more emphasis on the wave blocking. Afterward,
Twu et al. (2002) extended the analytical study considering the multiple friction factors
in a single porous structure placed over flat seabed for oblique wave action. The
reduction in the wave reflection and increase in the energy damping shows the influence
of the multiple porosities and friction factors on the wave blocking. The performance
of the multi-layered porous structure is useful to achieve high wave energy damping.
The present concept helps in the reduction of the space required for the construction of
porous structure due to the increase in the performance (Twu et al., 2002). It is also
observed that the correlation between the experimental and theoretical results is
acceptable and the study is useful in the attenuation of the incoming waves. However,
the previous studies strongly suggested the multi-layered concept for better wave
blocking and the variation in the seabed characteristics and impact of the rear wall in

the presence of the stratified porous structure is still far from complete.

1.4.5 Wave damping by horizontally stratified porous structures

The competence of a porous structure is evaluated based on the scattering coefficients
namely the wave reflection, transmission, and energy damping coefficients. Most of the
studies reported that the minimum values of wave reflection, transmission, and higher
values of wave damping is acceptable to reduce the structural failures from storm
surges. The vertical and horizontal displacements of emerged structures and underwater
rock dumps are one of the severe problems experienced by various coasts due to
extreme wave impact. Hence, the coastal engineers have focused on the stratification
concept for the wave-induced flow through breakwaters. Yu and Chwang (1994)

addressed the wave motion upon the porous seabed in the presence of the porous block.
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The porous block is assumed to be horizontal two-layered and analysis is performed
using the eigenfunction expansion technique. A complex dispersion relation is solved
for finding the wave number in the two-layered porous structure. Finally, the study
reported that the large porosity and less dissipative medium with the high structural

thickness could perform better values in the transmission coefficient.

The Kelsey Bay, Canada is a live example of the porous breakwater with seaward
vertical barrier and the leeward impermeable wall (Isaacson et al., 2000). Isaacson et
al. (2000) examined the breakwater configuration as in Kelsey Bay, Canada, which is
a porous structure protected with seaward permeable wall and leeward impermeable
wall using the matched eigenfunction expansion method. The wave force impact on the
structure is reported in detail and reduction in the wave force is observed for higher
values of porosity and structural width due to the increase in the wave damping. Further,
Liu et al. (2007) investigated the breakwater configuration as in Kelsey Bay, Canada
on considering the two horizontal porous layers. The wave reflection and force on the
structure are reported for a two-layered rock-fill porous structure with the back wall.
The matched eigenfunction expansion method is adopted for solving the boundary
value problem. The wavenumber is calculated with a complex dispersion relation in the
two-layered porous structure region and solved based on the step approach method.
Numerical results are compared with results available in the literature and better
agreement is observed. The study demonstrates the effect of porosity, non-dimensional
width, and friction factor on wave reflection and non-dimensional wave forces on the
structure.

Very recently, Lin et al. (2018) proposed a submerged two-layered porous structure to
protect the coast from extreme incident waves. The wave scattering by two-layer porous
structure is reported using the matched eigenfunction expansion method. The inner
product technique is used to reduce the difficulties in the analysis of porous breakwater.
Thereafter, Hu et al. (2019) examined a new-type of breakwater, which is divided into
multiple horizontal layers in the horizontal direction. The scattering coefficients by
multi-layer breakwater are presented using the semi-analytical solution based on the
continuity of velocity and pressure. Different structural configurations such as floating
thick plates, thin plates, and floating breakwaters are examined using the newly

developed analytical solution.
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1.4.6 Incident wave damping by floating porous structures

The persistent problems such as coastal erosion, level of protection in the ports and
harbours due to constant gravity wave interaction served as incentives for the
development of novel breakwaters. The floating and submerged membranes are
regularly referred to as versatile mobile breakwaters for temporary protection of
sophisticated oilfields, amphibious military operations, assault landing and construction
of marine infrastructure. In general, the flexible membranes are inexpensive, easily
handled, lightweight, effectively reusable and liberated from water depth (Kim and
Kee, 1996). On the other hand, the vertical seawalls are also recognized as viable
coastal structures, which avoid wave transmission due to the effective return flow.
However, the seawalls are exposed to high wave impact due to zero-porosity, thus the
partially reflecting harbour walls are introduced, which adequately controls the incident
waves of high frequencies through partial wave damping (Isaacson and Qu, 1990). The
concept of the easily transportable tethered floating breakwater was initially introduced
by Prof. John Isaacs, Scripps Institution of Oceanography (Essoglou et al., 1975) for
temporary protection in the offshore regions through wave damping. In the hydraulic
viewpoint, viscous drag created by relative velocity available between the floating
breakwater and fluid particle motion dissipates the incident wave energy. The wave
damping efficiency and practical significance of floating breakwaters (Isaacson and
Byres, 1988) and partially reflecting harbour walls (Elchahal et al, 2008) are well
discussed in the literature. Some of the scientists suggested the inclined plate to secure
the available very large floating structures (Cheng et al., 2016) and fully developed
concrete structures. Huang and Wang (2017) conducted a comparative study on the
wave damping efficiency of the inclined plate, cross plates, submerged and surface
floating horizontal plate for the protection of Three Gorges Dam, China from impulse
wave generated due to occurrences of landslides. The study results concluded that the
cross plates show a larger quantity of wave decay and multi-rows of large plates can

increase the wave decay.

The U.S navy Civil Engineer Corps Bulletin (1948) tested the functional efficiency
of the sloping breakwater (50 X 175 feet) placed in different levels of submergence
with several angle of inclinations (Patrick, 1951). Thereafter, several scientists

examined the inclined plate in different physical configurations such as bottom
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mounted inclined plate (Bayram, 2000), moored sloping plate breakwater (Kharaghani
and Lee, 1986) using the experimental and numerical methods. The laboratory
measurements of the submerged inclined plate suggest that the strong turbulence wave
pattern is identified in the shoreward side of the inclined plate (Murakami et al., 1994).
Nallayarasu et al. (1994) developed a finite element model for the investigation of the
submerged inclined plate and numerical results recommended that the optimal value of
breakwater inclination varies within 30° to 60° which displays minimal horizontal
force on inclined plate. The wave action over the single inclined flexible membrane
(Cho and Kim, 2000), multiple inclined plates (Cho and Kim, 2008) and dual
submerged porous plates (Cho et al., 2013) is examined using the multi-domain BEM
solution. A set of experiments also conducted for finding the wave reflection and
transmission coefficients by inclined plates. As a special case, the horizontal flexible
membrane is formulated using the matched eigenfunction expansion method and
validated. Finally, the study suggests that the optimal angle of inclination varies within
10° to 20° and the wave damping performance of the lower plate is not appreciable as

compared with the upper plate.

15 CRITICAL REVIEW

The literature review suggests that very few studies are performed on wave scattering
by vertically and horizontally stratified porous structures. Most of the studies reported
the wave damping by multiple porous structures, but the wave trapping by multiple
porous structures in the presence of different types of seawalls has more impact on the
protection of nearshore regions. In order to protect the breakwater from vertical and
horizontal displacements, the vertical barriers (New Kelsey bay Canada) and piles
(Dongying bay China) are considered, which must be analysed for further design and

development of novel breakwater system.

1.6 BRIEF OVERVIEW OF THESIS
The content of the thesis is divided into seven Chapters depending on the physical
problem investigated and the solution approach considered in the problem formulation.

The detail description of the Chapters are as follows:

In Chapter 1, the introduction and the motivation behind the present work are discussed

along with the detailed fundamental theory of oblique wave transport through porous
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breakwaters. The boundary conditions associated with the wave structure interaction
problems using matched eigenfunction expansion method in the finite and shallow
water depths are presented. The detailed review of literature relevant to the wave
interaction with single submerged and fully-extended porous structure, multiple porous
structures, submerged, surface piercing barriers, vertically and horizontally stratified
porous structures, various types of seawalls, pile/barrier-rock porous structures are
discussed thoroughly. Further, the research gaps based on the literature review are
discussed followed by a brief introduction to the research work pursued in the thesis.

Chapter 2 describes the study on wave propagation through multiple fully extended
porous structures placed on flat/elevated seabed with the leeside unbounded region and
confined region/leeward wall using the eigenfunction expansion method. The analytical
results obtained in the present study are validated with the available results for specific
structural configurations. Further, the wave scattering and trapping by multiple porous
structures are presented. The significance of porous structure considering various
ranges of porosity, friction factor, the finite spacing between multiple structures,
structural thickness, and angle of incidence are discussed and analysed. A comparative
study is performed between single and multiple porous structures for fixed structural
width.

In Chapter 3, the four types of barrier-rock porous structures are examined using the
eigenfunction expansion method and analytical results are validated with previous
results for several structural configurations. Thereafter, the straight analytical relations
are proposed for finding the wave reflection/transmission characteristics for plane-
wave approximation. The effect of physical parameters of breakwater and incident
wave properties on wave scattering and wave trapping is presented. The skin depth for
the semi-infinite barrier-rock porous structure is presented in the presence of a step-
bottom. Finally, the comparative study is performed between four different types of
porous structures in the presence of step-bottom considering variable breakwater

porosity.

In Chapter 4, the wave reflection, transmission, and energy damping due to single and
multiple porous structures are examined considering horizontal variable porosity using

the eigenfunction expansion method. Initially, the series of horizontal two-layer porous
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structures are examined considering the finite spacing between the structures. Further,
the study is extended for three-layer horizontal porous media, and the bottom layer is
considered as impermeable, which replaces the natural seabed variation and also
regarded as an artificial impermeable layer. Thereafter, the submerged two-layered
porous structure is investigated considering free surface wave motion along with the
porous layer placed on the bottom impermeable layer. The dispersion relation is solved
for the two-layered fully-extended/submerged porous structure. The effect of multiple
porosities, porous layer depth, angle of contact, bottom layer height, the free spacing
between the multiple structures, structural width, number of structures, and
dimensionless wave number on wave scattering is presented. The number of porous
structures is limited to five (in the case of two-layered and three-layered structure) and
a comparative study is performed between the single and multiple structures. Finally,
the wave transformation is reported for single and two submerged two-layered

structures for fixed and variable structural width.

In Chapter 5, the wave trapping by various seawalls away from horizontal two-layer
and three-layer porous structures are examined. Three types of seawalls such as (a)
vertical wall (b) semi-infinite permeable wall and (c) stepped seawall are considered
and analysed. The wave reflection, transmission, and wave damping by various types
of porous structures are analysed and validated with the available experimental and
theoretical results. The harmonic peaks and troughs in wave transformation due to the
presence of a series of porous structures and wave trapping in free spacing is reported
in detail. The effect of the generation of clapotis due to fluid resonance is also discussed.
The effective wave trapping points, cushion effect, critical angle, critical width is

discussed for the design and development of stratified porous structures.

In Chapter 6, the vertically stratified porous structure placed on the uniform seabed,
elevated seabed, and stepped seabed conditions are examined. The stratified porous
structure is examined for three different configurations such as (a) stratified porous
structure with finite thickness (b) porous structure backed by the rigid wall and (c)
porous structure placed far away from the rigid wall. The study is performed for nine
different conditions (three different structures placed on three different seabed

characteristics) based on linearized wave theory using finite water depth and long-wave
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approximation. The closed-form solution is presented for the stratified porous structure
and it is used for all the individual structural configurations. The direct analytical
relations are presented for two-layer and three-layer stratified porous structures in the
presence of a leeward wall. As a special case, the wave scattering by submerged stepped
and elevated seabed is presented and compared with the porous structure. The study
results are validated with experimental results available in the literature. Finally, the
significance of multiple porosities, friction factors, angle of incidence, structural width
and trapping chamber length on wave scattering and wave trapping is investigated in
the presence of vertically stratified porous structure lying on the uniform, elevated and

stepped seabed conditions.

Finally, Chapter 7 summarizes the work performed in the thesis followed by the future
scope of research. Major contributions made in the thesis are also highlighted.

1.7 FUNDAMENTALS OF WAVES AND POROUS STRUCTURES

In order to analyze the fluid-structure interaction problem, certain physical assumptions
are made to formulate the mathematical model of the physical problem. In this Section,
the basic equation for the wave theory and the basic equations for the porous structure
along with the boundary conditions related to the present research work is discussed in
brief.

1.7.1 Basic equations of wave motion

The fluid is considered to be irrotational motion, inviscid and incompressible which is
bounded above the free surface and is under the action of gravity and constant
atmospheric pressure. The monochromatic wave is assumed to act along the positive x-
axis. A 3D Cartesian coordinate system is considered, which has a longitudinal x-axis
and the y-axis is vertically downwards positive. The fluid is bounded below by the
smooth rigid bottom surface of uniform depth h in the case of finite and shallow water
depth and the fluid is of infinite horizontal extent in both the cases. The fluid occupies

the infinite strip —o < X,z <, 0<y <h inboth the cases of fluid of finite and shallow
depth as in Figure 1.2. Under the assumption of the fluid to be irrotational motion,
inviscid and incompressible as mentioned above, we have the existence of a velocity

potential d(x,y,z,t) which satisfies the Laplace equation given by
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o', o'0; 0D,
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=0at —o<Xx,z2<0,0<y<h. (1.2

In the wave structure interaction problems, the governing equation is the two/three-
dimensional Laplace equation as mentioned above. Next, we will discuss the various

types of boundary conditions which arise in the wave structure interaction problems.

Incident wave motion

/ Rigid seabed
y=h

Figure 1.2: Schematic diagram for incident wave propagation.

1.7.2 Kinematic Free Surface Boundary Condition (KFSBC)

Let us consider F(x,y,z,t)=0 to be the surface that constitutes a fixed or moving

boundary. Then, the kinematic boundary condition is derived based on the assumption

that there is no gap across the surface/interface, which yields

DF

o =0 (1.2)

where D/ Dt represents the material derivative, which is a combination of time and

Dt t X V y W z! ( )

where u,vandw being the x,yand z-components of the fluid velocity V. In the

context of water waves, we have two surfaces namely (i) the bottom surface and (ii) the

free surface. In general, the bottom boundary surface is described as y =h(x,z,t),

where the origin is at the mean free surface y=0 and h(x,z,t) represents the water
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depth. In the context of the present work, the bottom surface is assumed to be
impermeable and is given by F(x,y, z,t) = y—h(X, z,t). Thus, a similar assumption that

there is no gap between the bottom surface and the fluid at y =h(x, z,t) yields

{6, +ud, +wo, }h—v=0. (1.4)
On the other hand, in the case of water of finite depth, i.e., for y=h, the bottom
boundary condition is given by

9 _gat y=h (1.5)
oy

Similarly, the free surface of a wave can be described as F(x,y,z,t)=y—-<(X,z,t),
where £(x,z,t) is the vertical displacement of the free surface about the horizontal
plane y =0 (referred to as the mean free surface). Thus, from the condition (1.2), the

kinematic condition on the free surface becomes
G +D,5 +D,5, =D ony=7(xzk1). (1.6)

Next, using the Taylor series expansion, we expand the terms present in the Eq. (1.6)

with respect to the mean free surface y =0, which yield

(q)y _é/t _q)xé/x _CDZCZ)

S+, (D, ¢ -0, —cngz)y:0 +..=0. (L7

y=
Under the assumptions of the linearized theory of water waves, the velocity of the water
particles, the free surface elevation £'(x, z,t) and their derivatives are small quantities,
which yield that the product and square terms of £ and @ are very small. Hence,
neglecting the product, square and higher powers of the dependent variables £ and @,

the linearized kinematic condition on the mean free surface y =0 is obtained as

¢ =®, ony=0. (1.8)

1.7.3 Dynamic free surface boundary condition (DFSBC)

A fixed surface like rigid bottom topography can support the pressure variation,
whereas the free surface like the air-water interface cannot support the variations in

pressure. Thus, a second boundary condition is required to describe the pressure
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distribution on the free surface boundary, which is called the dynamic free surface
boundary condition. The dynamic free surface boundary condition is derived under the

assumption that on the free surface y = £ (x, z,t), the hydrodynamic pressure is the same

as the atmospheric pressure. Thus, from Bernoulli’s equation, we have
2 2 2 P
CDt+{<DX+q)y+CDZ}—gy—;, on y=<~(x,z,t), (1.9)

where P is the atmospheric pressure, which is assumed to be constant and is taken as
P =0 without loss of generality. It may be noted that in the dynamic condition on the
free surface, the effect of surface tension is neglected. Proceeding in a similar manner
as in Eq. (1.6), the Taylor series expansion of the terms present in Eq. (1.8) with respect

to the mean free surface y =0 yields

{®t+%{®§+®§+®f}—gy} +..=0.

1
+4‘ay{cpt +E{CD§ + @ +<1)§}— gy}

y=0 y=0

(1.10)
Proceeding with similar assumption as in case of the kinematic condition (1.6), here
also we neglect the product, square and higher powers of the dependent variables ¢
and @, to obtain the linearized dynamic free surface condition on the mean free surface

y =0 as given by
®,=g4 on y=0. (1.11)

It may be noted that these linearized forms in Egs. (1.7) and (1.9) can also be obtained

by using a perturbation series expansion for £ and @, as in Stoker (1957). Eliminating
¢ from the Egs. (1.7) and (1.9), we arrive at the boundary condition on the mean free

surface as given by
o, =gd, on y=0. (1.12)

Once, @ is obtained, £(x,z,t) can be computed from any one of the Egs. (1.8) and
(2.11). Assuming that the fluid motion is simple harmonic in time with angular

frequency o, the velocity potential ®(x, Yy, z,t) and the surface elevation £'(x,z,t) can

be written in the form ®(x, y,z,t) =Re{g(x, y,2)e™} and £(x,z,t) = Re{n(x,z)e"
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Thus, the spatial velocity potential ¢(x,y,z) satisfies the Laplace Eq. (1.1) and the

bottom boundary condition (1.5). However, the linearized free surface boundary
condition (1.11) yields

¢, +Kg=0at y=0, (1.13)

where K =w?/g. The condition (1.11) represents the free surface condition in the

absence of surface tension in the linearized theory of surface water waves of

homogeneous density having a free surface.

1.7.4 Velocity potential, surface elevation and dispersion relation

In the case of obliquely incident surface waves, the water surface profile associated

with a monochromatic progressive wave is in general given by
H
g(x,z,t)=?cos{kxx+kzz—a)t}, (1.14)

where H is water depth, k(k =27z /4)is wavenumber, A is wavelength, o(=27/T)

is angular frequency, T is wave period, k, =kcosé and k, =ksin& with @ being the

angle made by the wave with the positive x — axis. The corresponding velocity potential
is ®(x,y,z,t) satisfying the governing Eq. (1.1) along with the bottom boundary

condition (1.5a) and the linearized free surface condition (1.11) is expressed as

coshk(h-vy)

H
P y,2,0) = 2 cosh kh

9 :
- sin{(k,)x+(k,)z-at}, (1.15)

where k and @ are related by the dispersion relation given by

o’ = gk tanh kh. (1.16)
Now we make a note on wave classification which is based on relative water depth
h/ A. The waves are called shallow-water waves or long waves if h/ 1 <1/20 and for
h/2>1/2, the waves are called deep water waves. In the intermediate range
1/20<h/A<1/2, the waves are termed as the intermediate depth waves. The
dispersion relation for shallow water reduces to »® = gk’h and in case of deep water

waves, it is given by o’ = gk.
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1.7.5 Far-field boundary condition

In the case of a BVP defined in an infinite/semi-infinite domain, the uniqueness of the
solution demands the behaviour of the function at the far-field. In the case of water
wave problems, often the fluid domains are either the half/quarter-planes or
infinite/semi-infinite strips depending on whether the problem is considered in the
water of infinite or finite depths. Without going into theoretical details, we will
prescribe the far-field boundary conditions in the case of plane progressive waves as

given by
(D(X, Y, Z,t) _ {Aei(kxx*'kzZ—("t) 4 Be—i(kxx+kzz+ﬂ)}w, X,Z = Foo, (117)
cosh kh
in the case of finite depth and
CD(X, y, Z,t) _ {Aei(kxXJrkzZ—wt) + Befi(kxXJrkzZert)}’ X,Z > iOO, (118)

in the case of shallow depth.

In the above conditions, A and B are constants associated with the wave amplitudes

at the far-field and depend upon the physical nature of the problem.

1.7.6 Wave action analysis of porous structures

The obliqgue wave transport through porous breakwater in the form of boundary
conditions associated with the open water region and breakwater occupied regions are
discussed. Figures 1.3 and 1.4 show the wave motion through barrier-rock porous
structure and horizontally stratified porous structure. In each of the fluid region, the

linearized free surface boundary condition at still water level for j=1,2,3 is given by

M+ K;(x,y)=0 at y=0, (1.19)

where K, = ®’/qg inthe case of open water region and K, =@?*(S +if)/g in the case

of porous structure region. The bottom boundary condition is given by

0. (X,
BN o ot y=h for j-123 (1.20)

The flow of fluid is partially obstructed due to the presence of a porous structure. Thus

there exists a pressure difference between the porous structure and open water regions.
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The permeability of porous structure plays a significant role in the pressure difference
between the two subsequent regions. The celerity of fluid through the porous structure
is a function of the dynamic pressure difference between the subsequent regions and

dynamic pressure is a function of velocity potential.

Thick porous stru%

X=-b2 X=-b1

Figure 1.3: Wave motion through the barrier-rock porous structure.

Free surface Multi — Layered porous structure %]z
A T l >
.......... y/

S‘mmmm NN
X=-b2 X=-b1

Figure 1.4: Wave motion through a horizontally stratified porous structure.

The ideal condition is employed to satisfy the continuity of dynamic pressure and mass

flux at the common boundaries and is given by

¢1(X1 y) = G¢2 (X’ Y) and ¢lx (X' Y) = g¢2x(x, Y) at x= _bl’ 0< y< hz’ (1-21)

G¢2(X, Y) = ¢3(X, Y) and g¢2x(x’ Y) = ¢3X(X’ y) at x= _bz’ 0< y< hz’ (1-22)
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where ¢ is the porosity of the structure, G =S +if is the impedance of the porous
medium, f is the linearized friction factor, i imaginary number and S is the medium
reactance. It may be noted that in the case of porosity of the structure £ =1 and friction
factor f =0, the porous structure region changes into the open water region. Hence,
all the boundary conditions, dispersion relation pertaining to porous structure
automatically satisfy the open water wave motion. In the case of barrier-rock porous
structure (Figure 1.3), the continuity of dynamic pressure and mass flux at the common
boundaries (Isaacson et al., 2000; Karmakar et al., 2013; Karmakar and Guedes Soares
2014, 2015) are given by

(Y _ (V)

170G, [(Sb —if,)d, (X, y) - (X, y)] at x=-a, (1.23)

oX b X
8%;)):, N & 8¢26(;, L 175G, [8,(%, ¥) = (S, —if, ) (x, y)] at x=-a, (1.24)

where ¢, breakwater porosity, G, for j=1,2 is porous effect parameter of seaward

and leeward vertical porous barriers respectively of the form

G, = Catt) (1.25)
J 71oda(b) ( fa(b) - iSa(b))

where d,, is thickness &, is porosity, f,, isresistance and S, is the reactance

of seaward and leeward barriers respectively.

In the case horizontally stratified porous structure (Figure 1.4), there exists a flow

within the multiple porous layers (j =2,4,...,2N)in the vertical direction (Losada et

al., 1996; Liu et al., 2007), which is defined as

(S, +if) g, (X, y)=(S, +if,)4' (X,y) on y=a, (1.26)

«91 g, (x.Y) _ :, g, (x.Y) on

oy oy

To model the continuity of pressure and continuity velocity due to the existence of the

a,. (1.27)

two-layer and three-layer porous breakwaters (Figure 1.4), the boundary conditions are

given by
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C ity . 08, (%.Y)
4 (xy ={( 1+|_1)¢2”(X’ y) and o (xy) _ I?X on x=—-b,  (1.28)
(S, +if,)d (x.y) OX ; od,' (x.Y)
2 OX
< ity . 09, (%)
& (xy)= ( l+|_1)¢2(x’ y) and oh(xy) _ X onx=-b, (1.29)
(S, +if,) e, (x,y) OX ) od, (%.Y)
2 o

where g, ¢, are the surface and bottom layer porosity, f,, f, are the surface and bottom
layer friction factors, S,,S, are the surface and bottom layer inertia effect. In the case

of the submerged two-layered porous structure, the ¢, =1 and f, =0 due to the absence

of the surface porous layer, which is treated as a free surface region. The velocity near

to the elevated step is given by

¢, (x,y)=0 at x=-b, h,<y<h, (1.30)
¢, (X,y)=0 at x=-b,, h,<y<h,. (1.31)

The partial wave reflection due to the presence of the rear wall (Isaacson and Qu, 1990,
Elchahal et al., 2008) is given by

og; (%, Y) i(l—CR

= k. d. (X, at x=-b., j=2,3. 1.32
~ 1+ch ot (%.Y) n (1.32)

where ¢, implies the velocity potential near to the vertical wall, Cy, is the reflection
coefficient due to the wall varying within 0 <C_ <1. In the case of C, =0 suggests

that, the complete wave energy is dissipated due to the rear wall and C, =1 suggests

the zero velocity at the wall as in Dalrymple et al. (1991), Das and Bora (2014d). The

no-flow condition due to the presence of impermeable wall is given by

¢, (x.y)
OX

The medium reactance and resistance representing the inertial effect and friction factor

=0at x=-b; 0<y<h, for j=2,3. (1.33)

of the porous medium (Sollitt and Cross, 1972; Chwang and Chan, 1998) is given by
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S=1+ A{l_{} (1.34)
dvt+T , Vq | |J
fot J I { */7 , (1.35)
@ [av j £q?dt

where A, is added mass coefficient in the surface and bottom porous layers, o is wave

frequency, K, is intrinsic permeability having K, /h} =0.95*10"°, 0.22*10° and

ip
0.345*10° (Twu and Liu, 2004) g, is instantaneous Eulerian velocity vector,
C, =0.228 is a turbulent resistant coefficient (Twu and Liu, 2004), v is the kinematic

viscosity, V is the volume and T is the wave period. The inertia effect is kept fixed

s, =S, =1 throughout the analytical study (Sollitt and Cross, 1972; Yu and Chwang,

1994; Liu and Li, 2013) the friction factor, layer porosity and wavelength are similar
as in Twu and Liu (2004).

1.7.7 Dispersion relations in the open water and porous structure regions

The wavenumber y;, for j=1,3 is the positive real roots satisfies the conventional
dispersion relation given by
o =gy, tanhygh;. (1.36)
The wavenumber y,, satisfy the porous structure dispersion relation given by
@ (S +if ) = gy,, tanh y.h,. (1.37)

In the case of the long-wave approximation, the dispersion relations (Dalrymple et al.,

1991) are given by
o’ _gyJOh for j=13 and &°(S+if)=gy;h (1.38)

where o is wave frequency, g is the acceleration due to gravity, y,, is progressive
wave number and h, for j=1,2,3 is the water depth in open water and porous structure
regions. The wavenumber y,, for j=13, in the free surface region and the

wavenumber y,, in the two/three-layered (Figure 1.4) porous structure region satisfies

the dispersion relations given by
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o* =gy, tanhy,h;, for j=13, (1.39)
(S, +if,) 0" — gy, tanhyoh; = P, [ (S, +if,)o” tanh ;o0 — gy |, (1.40)
S, +if S, +if
where P, = 1—L_1) tanh y,,a, 1—L_1)tanh2 Y, |. In the case
£ ,(S, +if,) £,(S, +if,)
of the two-layered submerged porous structure, the surface layer behaves as open water
region by considering the surface porosity & =1 and friction factor f, =0. The

dispersion relation for the submerged two-layer porous structure region (submerged
porous layer placed on the elevated rigid layer) is given by

o - gy tanh yoh; = B[ @ tanh y;0h; — gy |, (1.41)

& & . . .
where P, =||1- "2 |[tanhy,a 1- =2 _tanh®*y,.a, |, which is similar
K (SZ+|f2)J Y 2}/{ (S, +if,) Vu%

as in Losada et al. (1996) and Koley et al. (2014).

1.7.8 Perturbation method

The roots of the dispersion relation play a significant role in the analysis of wave
damping by porous breakwaters. In general, the dispersion relations for various
structural configurations such as fully-extended porous structure, horizontally stratified
porous structure, and submerged porous structure are different due to change in free
surface boundary conditions. The solving procedure of open water region dispersion
relation is well reported in the literature using the Newton-Raphson method (Das and
Bora, 2014a). The perturbation scheme given by Mendez and Losada (2004) is used to

find the root of the porous structure dispersion relation given by

F(K,y) =yl tanhI'—Kh, =0 (1.42)

2

, K=%, and T =y,h,.

where y = Soif
+i

According to the perturbation approach, a little perturbation Sy in  will result in a

small change in dI"in the dimensionless wavenumber T'. The explicit form of oI is

given by
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(oF/oy)

A== G jar)

(1.43)

The following iterative method is used to find I" for the given v :

e The 6y =(v—w,)/N, where N, is the number of steps.
e Calculate oI, using Eq. (1.43) as a function of I', ,, w, , and Sy.
e Findthe I, using T, =T, , +4T,.

» Repeat the procedure to determine the v =y =w, , +5y.

A number of N, =40 iterations were suggested by Mendez and Losada (2004), Das
and Bora (2014a,b) to minimize the error to find the accurate roots of the porous

structure dispersion relation.

In the present study, the final values given by the perturbation scheme are used as the
initial guess for finding the roots of dispersion for submerged porous structures and
two-layered porous structures using Newton-Raphson method to achieve very accurate
roots with negligible error. If , =1, which transforms the porous structure dispersion
relation into open water dispersion relation. The Newton-Raphson method is used for

finding the roots of the dispersion relation.

1.7.9 Solution approach for finding the roots of dispersion relation

In general, the root-finding process for the two-layered porous structure is complicated
due to the presence of imaginary values. The dispersion relation for the two-layered

porous structure is given by

(S, +if,) " — g7,, tanh y,,h, = B[ (S, +if, ) o’ tanh ., — g7, | (1.44)

where P, = 1_M tath/jnaz 1_(("Z(Sl-’__lfl)tanhzj/jna2 :
£,(S, +if,) g ,(S, +if,)

In addition, the dispersion relation for the two-layered porous structure is simplified in

the following form given by

(S, +if,)A=Ytanh BY = [ Y (S, +if, ) Atanh BY |tanh oY, (1.45)
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a)2h21 ﬂ:a_’
g h,

single-layer porous structure, the ¢, =¢,=¢, S;=S,=Sand f = f,=f. Hence, the

a=ﬁ1 Y =p5h,, ¢:82(Sl+.lfl)
h, & (S, +if,)

where A= . In the case of the

two-layered porous structure dispersion relation reduces to the complex single-layered

porous structure dispersion relation given by

o’ (S +if )= gy, tanhy h (1.46)

i
On considering the surface layer porosity & =1 and friction factor f, =0 in Eq. (1.45),

the two-layered fully-extended porous structure dispersion relation reduces to

submerged porous structure dispersion relation.

Table. 1.1: Roots of the two-layered (& =0.8, f, =0.4) and submerged two-layered
(&, =1, f, =0)dispersion relation considering a, /h, =0.5, a,/h,=0.5, a,/h =0.2,
£,=05 f,=1 S,=S,=1 #=20°and h /1=0.1.

Two and three-layer porous Submerged two-layer porous
Evanescent structure structure

waves Root Error Root Error

M=0 0.0810 + 0.0221i | 3.4792*10" | 0.0854 + 0.0078i | 1.8440*10"'
M=1 0.0041 + 0.7781i | 8.0531*10% | 0.0018 + 0.7767i | 1.7743*10°
M=2 0.0020 + 1.5672i | 5.5612*10*> | 0.0009 + 1.5665i | 4.9881*10*°
M=3 0.0014 + 2.3538i | 1.1422*10* | 0.0006 + 2.3533i | 3.2745*10°
M=4 0.0010 + 3.1398i | 5.7771*10%° | 0.0004 + 3.1394i | 2.0345*10*
M=5 0.0008 + 3.9255i | 2.1287*10* | 0.0003 + 3.9253i | 2.5881*10*
M=6 0.0007 + 4.7112i | 9.2078*10* | 0.0003 + 4.7110i | 5.1238*10*
M=7 0.0006 + 5.4968i | 3.4792*10*" | 0.0002 + 5.4966i | 1.7347*107

In the previous studies, numerous authors reported various methods such as Newton-
Raphson method, perturbation scheme and contour plots (Sollitt and Cross, 1972;
Dalrymple et al., 1991; Yu and Chwang, 1994; Mendez and Losada, 2004; Liu et al.,
2007; Behera and Sahoo, 2014; Das and Bora, 2014; Zhao et al., 2017) for finding
multiple roots of the complex dispersion relation. In the present study, the Newton-
Raphson method is used for finding the roots of the two-layered porous structure
dispersion relation and the perturbation scheme as in Mendez and Losada (2004) is used

for finding the initial values for fast convergence. The multiple roots for the two-layered
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fully-extended and the submerged porous structure are given in Table 1.1 for a specific

structural configuration.

1.8 CLOSURE

In this chapter, a brief introduction to wave scattering and wave trapping by barrier-
rock porous structure and the stratified porous structure is presented. The importance
and need of a porous structure in the offshore and nearshore regions are discussed in
detail. A detailed review of literature is performed for wave scattering and wave
trapping by porous structures and seawalls. The research gaps and necessity of the
stratification concept in the porous structure are reviewed. The basic theory of water
waves along with the wave motion through porous structures using matching equations
associated edge conditions is presented. The solving procedure of complex dispersion
relation is reported. The perturbation method and Newton-Raphson methods used for
finding the roots of the fully-extended, submerged and two-layer porous structure

dispersion relations are discussed in detail.
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CHAPTER 2

WAVE DISSIPATING PERFORMANCE OF MULTIPLE
POROUS STRUCTURES

2.1 GENERAL INTRODUCTION

Coastal protection is an essential phenomenon for the country’s growth and
development. In most of the situations, the unprecedented gravity waves cause huge
losses to the coastline and offshore facilities. To protect the coastline and coastal
facilities from gravity wave action, coastal regions require coastal defences like porous
plates, thin barriers, permeable and impermeable breakwaters. The porous structure can
be one of the better solutions for wave energy dissipation and widely used in the coastal
areas to protect the harbours, wharfs, coastal cliffs, mainlands, islands and beaches from
wave trains. Porous structures are easy to construct without affecting the coastal
aesthetic and allows the incident waves to get transmitted through the structure, which
causes the energy dissipation. So, the porosity decreases the resultant force impact
acting on the structure and reduces the wave energy on the leeward side. Various
countries such as India, Japan, the United States, China, Canada, Australia, and
European countries implemented permeable breakwaters for providing better sheltering
to the mainlands from the action of gravity waves. Gudong and Zhuangxi Sea Dike in
the Shengli Qilfield at Republic of China (Zhao et al., 2017) developed submerged
porous structures. Dieppe in France (Belorgey et al., 2003) and Dalian Chemical
Production Terminal in the Republic of China (Huang et al., 2011) constructed the

permeable wall to regulate the wave action.

The study on wave motion through the bottom-mounted porous structures and porous
screens with leeside wall are well documented in the literature, but the very limited
study on wave propagation through multiple fully extended porous structures placed on
flat/elevated seabed with leeside unbounded region and confined region/leeward wall
is performed. The present study elaborates on the oblique wave scattering due to
multiple fully-extended porous structures considering the leeward unbounded region

and confined region using matched eigenfunction expansion method. Further, the wave
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scattering and trapping are presented for multiple porous structures placed on the single
and multi-step impermeable bottom. The significance of porous structure considering
various ranges of porosity, friction factor, the finite spacing between the structures,

structural thickness, and angle of wave incidence are discussed and analysed.

2.2 MATHEMATICAL FORMULATION

The oblique wave propagation through multiple fully-extended porous structures
considering leeward unbounded and confined region placed at finite water depth is
examined under the assumption of linearized wave theory. A three-dimensional
coordinate system is considered in the analysis with X —z being a horizontal plane and

y —axis being vertically downward positive. The 2N number of porous structures are
placed at x=-b; for j=1,2,..,2N considering the leeward unbounded region and

leeward wall as in Figure 2.1(a,b). The series of porous structures are placed to reduce
the wave force impact on the shore and leeward wall. The fluid is assumed to occupy

the region Uil;l" with |, =(-b; <x<-b,,0<y<h) for j=23,..,2N and

J
l,=(-b, <Xx<w,0<y<h), I, =(-0<x<-b,,0<y<h) with ze(-ow,00) for
all I;. The fluid is considered to be inviscid, incompressible, motion is irrotational and
simple harmonic in time with angular frequency @. Thus, there exists the velocity
potential @, (x,y,z,t) and the free surface deflection ¢, (x,z,t) which can be written
as @, (x,y,z,t)=Re{g(x,y)e" “}and ¢ (xzt)=Re{n (x)e" ™} where Re is the
real part and | = y,,siné is the component of wave number along the z —direction, &
is the angle of incident on the porous structure at x = —b,. The spatial velocity potential,

$,(x,y) for j=1, 2,...,(2N +1) satisfies the partial differential equation given by

O°p;(x,Y) .\ P, (x,Y)

P o ~1?4,(x,y)=0, for O<y<h, (2.1)
The linearized free surface boundary condition in each of the regions I, for
i=12,..,(2N +1) is given by
oo (X,
M+K,—¢j(x,y)=0 at y=0, (2.2)
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2
where K| =% for j=13,..,(2N+1) in the case of open water region and
@’ (S+if ) _ _ .
K; :T for j=2,4,...,2N inthe case of porous structure region.

Free surface Incident wave

Free surface

Incident wave

Leeward rigid wall

X=-ban-L X=-bon  X=-bpni = —mmeee- x=-b, x=-by

Figure 2.1: Schematic diagram of multiple porous structures with (a) leeward
unbounded region and (b) leeward wall/leeward confined region.

The fluid flow over rigid bottom condition is given by

M=O at y=h. (2.3)

The continuity of velocity and pressure at each of the interfaces along the horizontal
X —direction is given by
¢,(X,Y) =G (xy) and ¢, (X, y) = &g, (X, y) at x=-b;,

for j=13,..,(2N-1),
Gy (% Y) =,y () and ag, (% y) =4, (%) at x=—b;,
for j=2,4,...,2N,

(2.4a)

(2.4b)
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where ¢ is structural porosity, G =S +if is the impedance of the porous medium, s
is the inertia coefficient and f is friction factor (Sollitt and Cross, 1972; Twu and

Chieu, 2000), which are computed using the relations given by

S=1+A [1_—‘1 (2.5)
&
t+T 2 C &
fav | Z[V‘M : |q|3Jdt
1v K K
f== ‘ - VK , (2.5b)
j dv j £q’dt

\4 t

where An is a virtual added mass coefficient due to wave impinging on porous structure,

v is kinematic viscosity, g is instantaneous Eulerian velocity vector at any point, K
is intrinsic permeability, v is volume, C, is a dimensionless turbulent resistant

coefficient and T is wave period. The medium reactance is usually treated as unity due
to the negligible added mass coefficient (Sollitt and Cross, 1972; Liu and Li, 2013) as
the structure is in a fixed position. The far-field radiation condition in the absence of

leeward wall is of the form

(Iloe—ikmx + Rloeikmx) flo (y) as X — oo,

#; (%)= (

(2.6)

—ikian 20X
T(2N+l)0e o )f(2N+1)0(y) as X— —oo,

with 1, is the incident wave, Ry, and T, ., are the unknown coefficients explaining

reflected and transmitted wave amplitudes.

The wavenumber y,, satisfy the open water dispersion relation is given by
®* =gy, tanh y,5h for  j=13..,(2N+1). (2.7a)
The wavenumber y,, satisfy the porous structure dispersion relation is given by

o* (S+if ) =gy, tanhy;oh for j=24,..,2N. (2.7b)

where o is wave frequency, g is the acceleration due to gravity, y;, is a progressive

wavenumber in each region at water depth h. Newton-Raphson method and
perturbation technique proposed by Mendez and Losada (2004) are used to solve the
dispersion relation for open water and porous structure regions. The no-flow condition

near the leeward rigid wall is given by

40



Chapter 2: Wave dissipating performance of multiple porous structures

0¢;.4 (%)

~ =0 at x=—(b,+L), j=2N, (2.8)

where ¢. ., denotes the leeside open water region.

j+1
2.3 METHOD OF SOLUTION

The oblique wave impinging on multiple porous structures is studied using the
eigenfunction expansion approach for the determination of unknown parameters. The
study is performed to analyse the multiple fully-extended porous structures considering

leeward unbounded and confined regions.

2.3.1 Wave transformation by multiple porous structures
The multiple porous structures are often used to provide efficient sheltering to the
coastline, ports, and harbours. In the case of multiple fully-extended porous structures,

the velocity potentials for open water and porous structure regions are given by

B (%, y) = {10 0 + R W (y) + " R e (y),
n=1

for —b <X <o,

(2.9a)

6 (xy)= Z{Ajneikjn(xm“) N Bjneikjn(x+bj)}fjn(y)

n=0

(2.9b)
for —bj < x<—bj_l, j=2,3,.....2N,

=ikion 00 (X+bon) S K(2nstn (X +02n )
B (X Y) :{T(2N+1)Oe o } f(2N+l)0(y)+Z{T(2N+l)ne o }f(2N+l)n(y)
n=1

for —o<x<-h,,,

(2.9¢)

where, 1, is the incident wave, R, A for n=0,1,2,3,... and

in?

Bj,and T

2N+1)n

j=12,3,..,2N are the unknown constants to be determined, d :—(bj+l—bj) for

j=12,3,...,2N is the thickness of the porous structure. The eigenfunctions f;, (y) for

the open water and fully-extended porous structure regions are given by

coshy. (h—
A (y)= 70 (\2Y) g0 o1 (2.10)
coshy;,h
where y,, for j=1, 2,3,...,(2N +1). The eigenvalues satisfy the open water and porous

structure dispersion relations given by

o’ =gy, tanhy,h forj=13,.,(2N+1), n=0, (2.11a)
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o’ (S+if)=gy, tanhy,h for j=2,4,.,2N, n=0,12,.. (2.11b)
with Yin=ly;, for n=1,23,... for open water region. The roots of the dispersion
relation for j=1,2,3,...,(2N +1) satisfying y =k}, +1?, n=0 with | =y,;sin@, 6 is
the angle of incidence, k;, being the component of wavenumber in x —direction and
7;, Is the wavenumber in y —direction. In addition, there are purely imaginary roots
yaWith y5 =ki -1 for n=1,2,3,.... The eigenfunctions in each of the regions
f.(y),i=123,...,(2N +1) that satisfy the orthogonality relation of the form
<f1n' me> {0! for m=n, and<fjn, fjm>- :{ 0” for m=n, 2.12)
=13..(2N+1) | C! for m=n, j=24..28 | C" for m=n,

with respect to the orthogonal mode-coupling relation defined by

=>

(fim Fin) s oy = T ) (), (2.13)
0
2y .h+sinh2y. h 2y ,h+sinh 2y, h
where C| A : 7" L and Cl._ = : Ay
J1.3.(2N+1) 4y, cosh?y, h J=2:4...2N 4y,,cosh® y, h
(2.14)
13, (2N+1) for n=1,2,3,..... are obtained by substituting y, =iy, inthe case

of the open water region. To find the unknown coefficients, the mode-coupling relation

(2.13) is employed on the velocity potential ¢;(x,y) and ¢, (x,y) with the
eigenfunction f, (y) along with continuity of pressure and velocity as in Equation

(2.4a,b) across the vertical interface x=-b;,0<y<h for j=13,...,(2N -1) to obtain

<¢ (X y , ,m £¢J dy=G.([¢(j+1)(X’ y)fjm(y)dy, (2.15)
form=0,1,2,.. and j=13,..,(2N-1),
<¢]—X(X, y), fjm (Y)> =.([¢jx (X, y)fjm (y)dy :g_([¢(j+l)x(x’ y)fjm (y)dy' (216)

form=0,1,2,... and j=13,...,(2N-1).
Again, the mode-coupling relation (2.13) is employed on velocity potential ¢j+1(x, y)

and ¢, (xy) with the eigenfunction f,, _(y) along with continuity of pressure
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and continuity velocity as in Equation (2.4a,b) across the vertical interface x=-b,,

0 < y < h to obtain the system of linear equations

(100 ¥), Tram (¥)) = MH X Y)fsm (Y)9Y =G [ 4, (X, Y)F .y () ly

form=0,12,... and j=2,4,...,2N,

(2.17)

h h
<¢1+1 (X y) fj+l (y)>:J‘¢J+l (X y)fm ( )dy:gJ‘¢jX(X’ y)f(j+1)m(y)dy’
: g (2.18)
form=0,1,2,.. and j=2,4,..,2N.
The infinite sums presented in Equation (2.15), (2.16), (2.17) and (2.18) are truncated

upto finite M terms to obtain a linear system of 4j(M +1) for j=1,2,....2N algebraic

equations for the determination of 4 j(M +1) unknowns and the wave reflection and

transmission due to the porous structure obtained as

¢ |Re

10

T(z N+1)0

and K, = (2.19a)

10
Due to the existence of porous structures, the energy dissipation (Chwang and Chan,
1998) is represented as

K, =1-K?—KZ2. (2.19Db)

2.3.2 Wave trapping by multiple porous structures

The wave interaction with multiple porous structures in the presence of the leeward
wall is investigated to analyse the wave transformation mechanism. The velocity
potentials are similar as explained in Section 2.3.1, except for the leeward region. The
velocity potential in the leeward open water region is obtained based on the wave

transmission from the structure and full-wave reflection from the leeward wall given

by

B(x ) ={ 1o " £ R " *”’l}fm(ynz{ e (y),

for —b, < x <o,

(2.20a)

o0

¢j (X, y) _ z{Ajne—ikJn(X+bjl) + Bjn x+b }fm (y)

n=0

(2.20b)
for —bj < x<—bj_1, j=2,3,....,2N,
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—ikansa0(X+ban) ikanago (X+han +L)
¢2N+1(X’ y) :{T(2N+1)Oe o + D(2N+1)0e " } f(2N+1)O(y)
S K2N+1n(x+b2N) 7K2N+1n(x+b2N+L)
+Z{T(2N+l)”e o + D(2N+1)ne e }f(2N+1)n(y) (220C)
n=1
for —(b,, +L)<x<-b,,
where k;, =ix;, for 1=1,2,3,... Dy, =T, " is found using the no-flow

condition due to the wall as in Equation (2.8) and L is the width between the leeward
wall and leeward structure. The system of equations is obtained using orthogonal mode-
coupling relation, and it is similar as described in Section 2.3.1 for porous structures in

series with the leeward confined region. The infinite sums in the equations are truncated

upto finite M terms to obtain a linear system of 4 j(M +1) for j=1,2,....2N algebraic
equations for the analysis of 4 j(M +1) unknowns.

The wave force impact acting on the leeward wall K, is given by

K, =—tw (2.21a)

2pghl,, '

and F, = ipw}ql{z,-ﬂ)(x,y)dy at x=—{(b,;-b)+L}, forj=12..,N, (221b)
0

where 1, is the amplitude of the incident wave potential considered to be unity.

2.3.3 Wave transformation by a single porous structure

In the case of oblique wave scattering due to single porous structure, the fluid domain

is divided into three sub-domains such as seaward open water (—b, < x <o, 0<y <h),
porous structure (—b2 <x<-b, O<y< h) and leeward open water region
(-0 <x<-b,, 0<y<h). The velocity potentials ¢, (x,y) for j=1,2,3 satisfying the

governing equations and boundary conditions Equations (2.2) — (2.3) is given by

B (% y) = {1ge " 4 R L £ () + Y R e e (),
n=1

for —b <x<oo,

(2.22a)

0

X y — Z{ —|k2n x+by) + B elkzn x+b,) }on(y) for —b2 <X< _bll (222b)

n=
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B, (%, y) ={Tyoe "™ £ () + i{Tsne'“sn“”’z)}gn (y), for —o<x<-h,,  (2.22c)
n=1

where, R, A, ,B,,and T, for n=0,1,2,3... are unknowns. The general formulation

as in Section 2.3.1 is applied on Equation (2.22a-2.22c) using the continuity of velocity
and pressure as in Equation (2.4a,b) and mode-coupling relation as in Equation (2.13)

across the vertical interface at x=-b;,0<y<h for j=12 to obtain the system of

equations given by

=0

>

{1166 + R} Fin (V). T (¥)) =G {i{/&n + By £, (y) flm(y)dy}, (2.23)

_ikln {|105nm - le}< f1n (y)l flm(y)> = g{i_ik% {AZn - ane—ikmd }I on (y) flm(y)dy}

n=0

, (2.24)

G {i{&neikzn" + By H T (0) o (y)dy} =Ty (f3n (), F5n (), (2.25)

{i—ikm (A" =By | [ £0(¥) fgm(y)dy} ==iky Ty (T (¥), Fin (1)) (2.26)

n=0

1 for m=n=0,

d:_b_ ’ =1,4,9,... =0,12,....
0 for m=n=12,.., (b,-b), n=123,..and m=0,12

where, &, ={
The infinite sums presented in the Equations (2.23), (2.24), (2.25) and (2.26) are
truncated for finite M terms, and a linear system of 4(M +1) equations is obtained

for the determination of 4(M +1) unknowns. The unknown constants R,,T,,,

A,..B,,, for n=0,1,2,..,M are evaluated and the wave reflection and transmission

due to a single porous structure is obtained as

Ry

10

K, = and K, = T : (2.27)

10

2.3.4 Wave transformation by a single porous structure with leeward wall

In this section, the necessity of the leeward wall on wave transformation is discussed.
The velocity potentials in seaward open water region and porous structure regions

remain the same as in Section 2.3.3, but the velocity potential in the leeward open water

45



Gravity wave damping by stratified porous structures

region is considered in terms of wave transmission from structure and wave reflection

due to leeward wall. The velocity potentials in each of the three regions are given by

g(%y) = {10 0 R W (y) + D R e WU (y),
n=1

(2.28a)
for —b, <x<oo,
(x.y :Z{ gn(en) g ghin(retr) }fzn(y) for —b,<x<-b, (2.28h)
n=0
8, (%, y) = {Tyge 20 1 Dyttt £ (y)
(2.28c)

+i{1—3nem(x+bz) N D3ne*K3n(x+bz+L)}f3n(y) for—(b, +L)<x<-h,,
n=1

where D,, =T, e*" is found using the no-flow condition as in Equation (2.8).

The general formulation in Section 2.3.2 is applied on Equation (2.28a-2.28c) using the
continuity of velocity and pressure as in Equation (2.4a,b) and mode-coupling relation

as in Equation (2.13) across the vertical interface at x=-b;,0<y<h for j=12 to

obtain the system of equations given by

{6+ Rin H o (9, i (9)) = {i{ (B )| fzn(y>flm(y)dy} (2.29)

=0

>

_ikln {Iloé‘nm - le}< f1n (y)! flm(y)> = g{i_ik% {AZn - ane—ikmd }I on (y) flm(y)dy}

n=0

, (2.30)

G {i{&ne‘kzn“ By [ o0 () Ty (y)dy} =Ty + Dy N £, (1), i (0)), (231)

n=0

n=0

5{i_ik2n {'A‘ZneilkZn -B,, I fon(Y) f3m(Y)dy} Kan {TSn Dsnelk3n }( fan (¥, f3m(Y)>’

(2.32)
where D, =T, e*", m=012,.., k;, =ix;, for n=1,2,3,... and L is width between
the leeward wall and porous structure. The infinite sums presented in the above
equations are limited for finite M terms and a linear system of 4(M +1) equations is
obtained for the determination of 4(M +1) unknowns. The wave reflection due to the

porous structure is obtained using Equation (2.27).
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2.4 RESULTS AND DISCUSSION
The numerical investigation is performed to examine the wave scattering for porous

structures in series considering various values of porosity ¢, linearized friction factor
f, angle of incidence @, finite spacing between the structures w/h and water chamber
length L/h. The wave reflection K, transmission K,, energy dissipation K, and the
wave force on the leeward wall K is plotted to understand the behaviour of porous

structure as an effective absorber. The parameters that were kept constant are
p=1000 kg/m*®, g=9.81m/s*> and S =1 throughout the computation. Initially, the
convergence of scattering coefficients is examined and the accuracy of the numerical
results is obtained by increasing the evanescent waves for single, double, triple, and
four structures in series. Table 2.1 presents the effect of the evanescent waves on wave
scattering considering d /h=1, w/h=1, y,h=05 f =05 6=0° and £=0.4 for
single and multiple structures. The convergence of the scattering coefficients is

obtained for evanescent modes M >15 upto five decimal places.

Table 2.1: Convergence of reflection and transmission coefficients considering
d/h=1 w/h=1 y,h=05 f=05 6=0°and £¢=0.4.

Single structure | Double structure Triple structure Four structures

Kr

Kt

Kr

Kt

Kr

Kt

Kr

Kt

0.41850

0.71591

0.31155

0.75535

0.19930

0.76786

0.09538

0.76601

0.41841

0.71582

0.31113

0.75520

0.19910

0.76760

0.09529

0.76498

0.41849

0.71585

0.31110

0.75518

0.19913

0.76758

0.09520

0.76525

0.41850

0.71592

0.31109

0.75514

0.19915

0.76756

0.09517

0.76579

0.41850

0.71592

0.31109

0.75514

0.19915

0.76756

0.09511

0.76575

0.41850

0.71592

0.31109

0.75514

0.19915

0.76756

0.09511

0.76575

30

0.41850

0.71592

0.31109

0.75514

0.19915

0.76756

0.09511

0.76575

In Figures 2.2(a,b), the validation of the numerical result is performed for porous
structure kept at finite water depth with the experimental and theoretical results
available in the literature. The wave damping K, by the three-layer porous structure in

the absence of the finite spacing is reported and also validated with the experimental

results of Twu and Chieu (2000). An acceptable agreement for the wave energy
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damping K, versus h/A is observed in comparison with Twu and Chieu (2000)
experimental results. Mallayachari and Sundar (1994) evaluated the wave reflection K,

due to the permeable wall as in Figure 2.2(b). The correlation between the previous
theoretical outcomes and present study outcomes are acceptable. Afterward, the present
study is extended to analyse the porous structures in series considering leeward
unbounded and confined regions placed on the flat and step-type seabed. The single
structure width d /h is separated into equal multiple structures and the width between

the two porous structures is identical throughout the simulation.

1.0 1.0

. « Mallyachari and Sundar (1994),
—— Present study
) ~ —— =02, ——c=04,
0.8 0.8 ——£=06,——¢c=08.

« Experimental study (Twu and Chieu, 2000) o?
—— Present study 064

0.6+

x° Three-layered structure (w/h=0) X"

¢, =0.92,¢,=0.81,5,= 062, 04|
f,=2.20,f, =1.50, f, = 1.30,
d/h = djh = d/h = 067. o ° e
0.2+

0.4+

0.2+

0.0

0.0 T T T T T T T
p T T T T T 0 1 2 3 4 5 6 7 8
0.100 0.125 0.150 0.175 0.200 0.225 0.250

(a) (b)
Figure 2.2: Validation of (a) K, by three-layered structure (Twu and Chieu, 2000) and

(b) K, due to the porous structure with the back wall (Mallayachari and Sundar, 1994).

2.4.1 Multiple porous structures with leeward unbounded region

In the present subsection, a detailed investigation on wave scattering due to fully

extended multiple porous structures in the absence of a vertical wall is presented.
2.4.1.1 Effect of structural porosity

The structural porosity and friction factor are interrelated as in Equation (2.5b).
However, in the previous studies, structural porosity is varied and friction factor is kept
fixed for simplicity (Madsen, 1983; Mallayachari and Sundar, 1994; Zhu, 2001; Das
and Bora, 2014a). A similar method is adopted in the analysis of single and multiple
porous structures placed on the flat seabed. In Figures 2.3(a-c), the structural porosity

is varied within 0.3< ¢ <0.7 for the determination of K,, K, and K, due to a single
porous structure. The sharp rise in K, is obtained within 0.01<y,,d <1.5 for all the

values of porosity within 0.3< & <0.7 presented as in Figure 2.3(a) and it is found that

with the increase of ¢ the K, is observed to be decreasing. The variation in wave
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transformation is analysed and it is observed that maximum wave reflection K, occurs
at y,,d =1.25 for £ =0.3. Similar pattern in K, is observed with the change in porosity
but a reduction of 15% in K, for £=0.4, 27% reduction in K, for £=0.5 39%
reduction in K, for £=0.6 and 50% reduction in K, for £ =0.7 in comparison with
structural porosity £ =0.3 at y,,d =1.25 is noticed. In Figure 2.3(b), K, decreases with
increase in non-dimensional structural width y,,d and with the increase in porosity ¢.
The K, is observed to be increasing but the percentage of change due to the change in

porosity is not so significant as observed in the case of K, .

0.7 1.0
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084 \\‘ —« —e=04
\ —<—£=03

\Y — v —&=0.6|

AN x|+ —e=07

0.6 4
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5
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/
034 /Y
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0241/
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R
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—"—&=03]

—-—c=04

—*—&=0.3

024 — v —£=0.6|
g =0 —e=07

(C) 0 1 2 3 vwd 4 5 6 7
Figure 2.3: Variation in (a) K, (b) K, and (c) K, versus y,,d for different values of

porosity considering #=0° and f =1.

The change in the K, and K, due to an increase in porosity may be due to an increase

in energy dissipation K, as observed in Figure 2.3(c). In the case of minimum porosity,
the flow of the fluid particle within the structure is less as compared to high porosity.
So, the energy dissipation K, is maximal for higher structural porosity and almost

91.5% wave damping is observed due to the presence of a single structure for £ =0.7

within 2 < y,,d <7 which shows that the increase in y,,d shows the high interaction
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between the incident wave and porous media for £ =0.7. The study reveals that the
wave energy dissipation is low for minimum porosity, and for higher porosity the wave

energy gets absorbed due to porous structure.
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Figure 2.4: Variation in (a) K, (b) K, and (c) K, versus y,,d for different values of

porosity of the structure considering @ =0°, w/h=1 and f =1.

In Figures 2.4(a-c), the wave reflection K,, transmission K,, and energy dissipation
K, are analysed for double porous structures. The resonating trend in the K, is
observed varying with non-dimensional structural width y,,d, which may be due to the
trapping of waves between the two porous structures observed in Figure 2.4(a). The K,

decreases with the increase in the porosity within 0.01<y,,d <2 and the K, (Figure

2.4b) increases with the increase in the structural porosity. The presence of the double
porous structures shows that the wave reflection is little higher as compared to the

single porous structure and the wave attenuation is achieved with the increase in the

porous structures in series. A similar, decreasing pattern with an increase in y,,d is
observed in K, (Figure 2.4b) for all the values of porosity. The minimum in the wave
transmission is observed for the non-dimensional thickness within 2 < y,,d <7 for all

the values of porosity and almost zero K, is observed with increase in the y,,d.
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Resonating pattern in the energy dissipation K, disappears with the increase in the
structural porosity and it is observed that almost 92% energy damping K; is achieved
for £=0.7 in the presence of double porous structures within 1.5< y,,d <7 (Figure

2.4c). The comparison between the wave scattering in the presence of single and double
porous structures is discussed. It is noted that the performance of the double porous

structure is significant within 1< y,,d <3. Particularly, 12% increase in the energy
damping is obtained with the double porous structure as compared with single porous

structure at y,,d =1.5. Which is due to the wave trapping in the finite spacing and

increase in K. may be due to the existence of second porous structure.

2.4.1.2 Effect of friction factor

In Figures 2.5(a-c), the K, (Figure 2.5a), K, (Figure 2.5b) and K, (Figure 2.5c) versus
7,0d for single porous structure is analysed on varying the linearized friction factor f.
The reduction in K, is observed with increase in f for y,,d <2.5 but the opposite

trend in K, is observed for y,,d > 2.5. The variation in K, (Figure 2.5b) is significant

with an increase in friction factor and the high oscillating pattern is observed for
f =0.25 within 0.1< y,,d <4. The 47% reduction in K, for f =0.5, 71% reduction

in K, for f=0.75 and 85% reduction in K, for f =1 is noted as compared with

f =0.25 at y,,d > 4. The reason behind the reduction in the K, is only due to the high

resistance offered by the structure which causes high wave energy damping. Further,

the K, (Figure 2.5c) is found to be increasing with the increase in f and the variation
in K, is significant within 0.1< y,,d <3. Thereafter, a uniform result in K, is noted

within 0.5< f <1.0 for y,,d >3. Thus, the study reveals that the wave energy gets

absorbed inside the porous structure for the higher value of f =1.

In Figures 2.6(a-c), the variation in wave scattering with the effect of friction factor is
examined for a pair of porous structures as a function of y,,d. The resonating pattern
in K, (Figure 2.6a) is observed and maximum value of K, =0.73 is noticed for
f =025 at y,,d=3.5. The 14% reduction in K, is observed for f =0.5 20%

reduction in K, for f =0.75 and 22% reduction in K, is achieved for f =1. Thus the
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reduction in K, is observed with increase in f for double porous structures due to the

constructive seaside interferences for y,,d > 5.
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Figure 2.5: Variation in (a) K, (b) K, and (c) K, versus y,,d for different values of

friction factor considering 8=0° and ¢ =0.4.

Wave transmission K, (Figure 2.6b) also decreases with an increase in friction factor
f and a considerable decrease in K, is observed with an increase in f due to wave

trapping between the two porous structures. A sharp reduction pattern in the long-wave

regime and almost identical values of K, for shorter waves is observed, which is due
to the wave decay by massive structural width. The K, (Figure 2.6¢) increases with the
increase in f and minimum K, is observed for f =0.25 due to the minimum friction
offered by the porous material. The 4% decrease in K, for f =0.75, 13% decrease in
K, for f=0.5 and 40% of the decrease in K, for f =0.25 is observed compared
with f =1 at y,,d =3.5. The variation between single and double porous structures is

clearly observed inthe K, within 1< y,,d <3 and the performance of the double porous

structure is far better than the single porous structure for trapping of incoming waves

in the confined region provided between the two porous structures.
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Figure 2.6: Variation in (a) K, (b) K, and (c) K, versus y,,d for different values of

friction factor considering w/h=1, 6=0° and & =0.4.
2.4.1.3 Effect of angle of incidence
In Figures 2.7(a,b), the wave reflection and transmission due to the presence of the

triple porous structure are analysed as a function of angle of incidence @ for different

values of y,,h. The minimal increase in K, (Figure 2.7a) is observed with increase in
70h for normal angle of incidence 6. Thereafter, the increase in € shows the decrease
in K, within 0° <@ <80° for £=0.3 and 0° <@ <64° for £ =0.7. The minimal K, is

observed at 8=80° for £=0.3and 6=64° for £=0.7 due to the formation of

standing waves and it is regarded as the critical angle. Afterward, a sharp rise in K, is
obtained for £ =0.3 and £=0.7 and K, approaches to unity. This is an unsuitable

angle of impinging for the construction of the porous structure, which may lead to

structural collapse. The increase in y,,h shows neither increase nor decrease in the K,
and it is negligible in the design of offshore structures. The drastic decrease in K,
(Figure 2.7b) is noticed with the increase in y,,h for £=0.3 and £ =0.7. In the case
of normal wave interaction, the K, is observed to be minimal compared with oblique

wave incidence for ¢ =0.3 and uniform pattern in the K, is observed for £ =0.7.
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Figure 2.7: Variation in (a) K, and (b) K, versus @ for different values of y,,h for
triple porous structure considering d /h=2, w/h=0.5 and f =2.

A sharp rise in K, is noticed for the triple porous structure within 0.5< y,,h <1 for
£=0.3 and the peak in K, is obtained at a critical angle & =80°. The critical angle for
K, and K, is same for &£=0.3, but almost uniform values is noticed in the K, for

£ =0.7. However, it is important to notice that, the critical angle (resonating trough in

K, and resonating peak in K,) is observed for minimum porosity ¢ =0.3 due to the

interaction between the incident and reflected waves. But in the case of high porosity
£ =0.7 the critical angle presents the minimal impact on the hydraulic characteristics
due to the high energy damping. The lower porosity & =0.3 is effective in creating the
resonating pattern in K, and K, but higher porosity ¢ =0.7 is significant in reducing

the K, which leads to high energy damping by the triple porous structure with finite

confined regions.
2.4.1.4 Effect of width between the multiple structures

In the case of multiple structures, the width between two porous structures w/h shows
the significant role in wave trapping. The different values of spacing between the
double porous structures is considered to examine the variation in wave scattering for

70N In Figures 2.8(a-c), the K, (Figure 2.8a), K, (Figure 2.8b) and K, (Figure 2.8c)
versus y,,h is analysed varying the w/h. The periodic local maxima and local minima
are observed in K, (Figure 2.8a) for different values of w/h within 0.01<y,,h<7

may be due to the destructive interferences. The increase in w/h increases resonating

peaks and troughs in K, due to constructive interferences. A similar trend is obtained
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in K, (Figure 2.8b) as aforementioned, the increase in w/h and y,,h shows the
increase in resonating trend in K,. The resonating trend is obtained may be due to
trapping of incident waves by the finite spacing between structures. The K, (Figure

2.8c) is observed to be varying with the increase in w/h in an oscillating manner. The
variation between w/h=0.25 and 0.75<w/h <1 is significant in the design of double
porous structures for protecting the beaches. From the present case, it is observed that

the local maxima in the energy damping K, show a significant role in the analysis of

double porous structures and it is observed that thew/h=1 show higher energy

damping and minimum wave reflection K, and wave transmission K, in the oscillatory

pattern.
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Figure 2.8: Variation in (a) K,, (b) K, and (c) K, versus y,,h with variation in w/h
considering d /h=0.25, #=0° f =0.25 and £=0.4.

In Figures 2.9(a,b), the K, and K, due to four porous structures with multiple confined
regions are presented considering y,,h=0.5 (Figure 2.9a) and y,,h=1 (Figure 2.9b)

for porosity within 0.3< & <0.7 with variation in w/h. The resonating peaks and sub-

peaks in K, along with uniform estimation in K, is noticed with the increase in the

w/h within 0.3<¢<0.7 for y,h=0.5 (Figure 2.9a). It is also noticed that the
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secondary resonating peaks are observed in between the primary resonating peaks,
which may be due to trapping of incident waves in the multiple confined regions w/ h.
The increase in porosity of four structures shows the small decrease in K., little
increase in K, and the variation is due to increase in energy damping by four structures.
The primary and secondary resonating peaks is higher for minimum porosity £=0.3
and less for higher porosity &=0.7, which may be due to high wave motion through

the multiple porous structures which leads to high energy damping for ¢ =0.7.
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Figure 2.9: Variation in K, and K, versus w/h with variation in porosity for four

porous structures considering d /h=1, f =0.5, (a) y,,h=0.5 and (b) y,,h=1.

The increase in the y,,h =1 (Figure 2.9b) shows the decrease in K, and also broadens
the resonating primary and secondary peaks in K, as compared with y,,h=0.5 (Figure
2.9a). The resonating peaks in K, and resonating troughs in K, is observed at the same

intervals of w/h may be due to the trapping of incident waves by multiple confined

regions and also the oscillatory pattern in K, vanishes with the increase in porosity of
four structures. The K, is observed to be higher for y,h=0.5 (Figure 2.9a) and
70nh=1 (Figure 2.9b) due to the minimum structural width d /h=1 (each structure
width is d;/h=0.25 for j=12,3and4) and hydrodynamic performance can be

improved with the increase in structural width for damping the waves of higher

wavelength. However, the variation in K, and K, with variation in y,,h is significant
in the design of the offshore structures and the increase in the w/h shows the

significant role in decreasing the K,. Particularly, the resonating troughs are obtained

in K, (at the point of resonating crests in K,), which suggests that the point of
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secondary resonating peaks play an evident role in the effective distribution of incident

waves in the form of wave reflection, transmission, and energy damping.
2.4.1.5 Comparative study between multiple porous structures

The comparative study is performed between the multiple porous structures of N =5
for the case of plane-wave approximation (neglecting the evanescent wave modes). The
width of the single porous structure d /h =1 is divided into multiple structures having
equal width in each case and the width between any two porous structures w/h=1 is
kept constant to compare the performance of multiple porous structures. The identical

friction factor f =1 and porosity ¢ =0.4 is considered to compare the performance of

multiple structures for y,,h =1 as in Figures 2.10(a,b).
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Figure 2.10: Variation in (a) K, and (b) K, versus # with increase in the number of

porous structures for f =1, £=04, y,h=1, w/h=1and d/h=2.

The variation in the wave reflection coefficient (Figure 2.10a) is acceptable for single
and multiple porous structures and the decreasing trend is obtained in the K, with the
increase in the multiple structures due to increase in confined regions w/h. The
minimum values in K, is observed at & =72° (critical angle) for the single and multiple
structures due to the formation of standing waves. Similarly, in the case of transmission
coefficient K, (Figure 2.10b) the variation between single and double porous structure
is significant and a 42% decrease in K, is obtained with double porous structure as

compared with a single porous structure. Afterward, the variation between multiple
structures within 3< N <5 is negligible due to the fixed structural width and the

performance of multiple structures within 3< N <5 can be accelerated with an increase
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in dimensionless width. However, in the presence of 8 =90, the K, is observed to be
higher and K, is observed to be zero for single and multiple structures. The porous

structures should have minimum wave reflection, minimum wave transmission and
high energy damping (Twu and Chieu, 2000) for the better service life of the structure.
From the present study, it is observed that the higher number of porous structures is a

better option to distribute the incident waves of higher wavelengths y,,h>1 in the form

of K,, K, and K, due to the presence of multiple confined regions.

2.4.2 Multiple porous structures with leeward confined region

The necessity of the leeward wall with a porous structure is helpful to protect the
offshore facilities from high wave attack. The wave reflection due to multiple porous
screens, slotted permeable barriers and deeply submerged bars backed by wall is studied
in detail using the analytical solution (Losada et al., 1993), experimental approach
(Neelamani et al., 2017) and boundary element method (Zhao et al., 2017). The
previous studies were focused on the significance of trapping chamber/ water chamber
length (width between leeward wall and porous structures) on wave trapping and
numerical prediction shows that the resonating trend in the K, is reduced with an
increase in the number of structures. Hence, the present study is focused on wave force
on the leeward wall in the presence of single and multiple structures with variation in
trapping chamber considering porosity as influencing parameter. Further, the

comparative study between single and multiple structures is briefly discussed in detail.
2.4.2.1 Effect of water chamber length

In Figures 2.11(a-d), the wave force impact on the leeward wall K, is analysed in the

presence of single (Figure 2.11a), double (Figure 2.11b), triple (Figure 2.11c) and four
porous structures (Figure 2.11d) versus trapping chamber L/h for different porosities
within 0.3<&<0.7. In the case of a single structure (Figure 2.11a) with the leeward

wall, the increase in ¢ shows the decrease in K, at each resonating peak and increase
in K,, at each resonating troughs. But, in the case of multiple porous structures as in
Figure 2.11(b-d), the increase in ¢ shows the preferable increase in K, at each

resonating peaks and troughs which suggests that the higher porosity allows the more
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wave energy to pass through the porous structure and perform more wave transmission
causing high wave force impact on the leeward wall. In the case of a single porous
structure (Figure 2.11a), the resonating peaks are observed to be higher compared with
double porous structure (Figure 2.11b). This is only due to the wave trapping in the
finite spacing between the structures w/h and it shows the efficiency of the double
structure as compared with a single structure in decreasing the hydraulic characteristics
for fixed structural width. Thereafter, the performance of triple structure (Figure 2.11c)

and four structures (Figure 2.11d) is significant in reducing the K, at each of the

resonating peaks as compared with double structure.
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The variation between the double, triple and four structures are clearly seen in the K,

for 0.3<&<0.4 at each of the resonating peaks. The 56%, 62%, 68% decrease in the

K., isachieved with the double, triple and four structures as compared with the single

porous structure at L/h=3 for £ =0.3. The increase in porosity of double, triple and

four porous structures shows almost uniform values in K, due to fixed structural width

(single porous structure width d /h =1 is equally separated into double, triple and four
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structures). However, the higher wavelength has minimum impact on porous structures
and maximum impact on the leeward wall for higher porosity & =0.7. Thus, the study
suggests that the double and triple porous structures with moderate porosity can

perform well in reducing the K.

2.4.2.2 Comparative study between multiple structures considering leeward wall

The significance of the oblique wave damping by multiple fully extended porous
structures with the leeward wall is analysed under the assumption of plane-wave
approximation. Figures 2.12(a,b) shows the wave force impact on the leeward wall K,
considering &£=0.3 (Figure 2.12a) and &£=0.6 (Figure 2.12b). It is found that the
increase in the number of structures N shows a significant decrease in wave force
impact acting on the leeward wall K,,. The variation between single and double porous
structures is clearly seen for £ =0.3 and & =0.6. Almost 58% (Figure 2.12a) and 34%
(Figure 2.12b) reduction inthe K, is achieved with two porous structures as compared
with the single porous structure for normal wave incidence. Thereafter, the increase in

the number of structures shows a minimum variation in K, due to fixed structural

width. In the presence of minimum porosity & =0.3 (Figure 2.12a), the resonating crest
is observed and it gets disappeared with the increase in the porosity &=0.6 (Figure
2.12b). However, minimum porosity shows the minimum wave force on the leeward

wall K., and it is a suitable option for better performance of the multiple structures
under oblique wave impinging.
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2.4.3 Multiple porous structures placed on the step-type rigid bottom

The continental shelves, natural and artificial sand bars are most common in the
offshore region and it is cumbersome to identify the uniform sea bottom (Behera et al.,
2016). To consider the artificial and natural seabed variation, the changes in the seabed
are approximated into rigid steps. The multiple fully extended porous structures are
placed on the single and multi-step rigid seabed with multiple confined regions

considering leeside unbounded region and confined region.

2.4.3.1 Effect of width between the two structures

The multiple porous structures with multiple confined regions (spacing between the
porous structures without the leeward wall) are having a considerable role in the wave
damping. In the present case, each of the open water depth is uniform and the porous
structure is placed on a rigid step and the step height is considered around 10% in the
open water depth. Four porous structures upon multi-step rigid seabed (four rigid steps)

with leeward unbounded regions is examined with variation in y,,w for the porosities
within 0.2 < ¢ <0.8. The resonating peaks and troughs are observed in the K, (Figure

2.13a) with the increase in the length of the confined regions within 0.01< y,,w < 20.
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Figure 2.13: Variation in (a) K, and (b) K, versus y,,w for various values of porosities

considering four porous structures kept on the multi-step rigid bottom for y,,h =2,
0=0"and f =2

Thereafter uniform estimation is obtained in the K, within 20 < y,,w<40. A sharp
decrease in the K, (Figure 2.13b) is observed with an increase in the y,,w and minor
estimation in the K, is achieved due to the presence of the multiple structures with

multiple confined regions. The increase in structural porosity shows the decrease in K,
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and little variation in K, due to an increase of energy damping. The oscillation pattern

is observed to be decreasing with an increase in the porosity within 0.2<¢<0.8.
Hence, it is evident that the multiple confined regions are effective in wave trapping

and porous structures on step bottom are useful in the wave damping.
2.4.3.2 Effect of step height

In Figure 2.14(a) the wave reflection K, due to double porous structures kept on the
step-type seabed with the leeward wall is examined. The seaside and leeside open water
depths are kept fixed (h,/h; =1) and the two porous structures are placed on the step-
type seabed (h, =h, =h,) and it is varied within 0.5<h, /h <1. The oscillatory trend
is observed in the K, within 0.1<d/h <10, afterward oscillatory pattern gets
disappeared with the increase in d/h. The increase in the step height shows the
increase in K, at each of the resonating peak due to wave interaction with rigid bodies
(step-type seabed) which causes high wave reflection. It may be noted that the higher
values in K, are obtained within 0.1<d/h, <2 due to the full-wave reflection K, =1
by the leeward wall. The oscillations can be reduced with the increase in the porosity
and friction factor. However, the minimum step-type seabed height shows minimum
values in K, and encourages wave damping. The increase in step height shows the
increase in K, at each of the resonating peaks, which can reduce the wave force impact

on the leeward wall. Thus, moderate step height is suggested for further development

of coastal structures for optimal wave damping.

1.0

0841

0.6

1
i %
1 N
|y
" B AN T 2
., o 2
. & 3 =1.
0.4 b = _
i .
0.2 e
% —+—hy/h, =06

—<—h/h, =05

00 + + + + 00

(a) dh, (b) dih,

Figure 2.14: Variation in K, versus d/h due to double porous structures for (a) step

heights (b) dimensionless wave length considering 8 =0°, w/h, =1 andL/h =1.

62



Chapter 2: Wave dissipating performance of multiple porous structures

2.4.3.3 Effect of dimensionless wavelength

The variation in wave reflection K, with variation in dimensionless wavelength y,,h,

for the double porous structures upon step-type seabed with the leeward wall is

presented in Figure 2.14(b). A sharp decrease in K, is obtained with an increase in
d/h and K, approaches to the minimum value. Thereafter K. increases to a peak
value and remains uniform within 0.5<y,,h <1.5. The increase in y,,h shows
significant variation in K, within 0.01<d/h <10 for all the combinations of y,,h,.
Afterward, uniform values in K, is achieved within 10<d/h <20 for all the
combinations of y,,h, due to the increase in the energy damping. It is concluded that
the minimum y,;h, requires higher dimensionless structural width d /h, to achieve the

required energy damping and the wave force impact on the leeward wall can reduce

with the increase in the dimensionless structural width d /h,.

2.4.3.4 Effect of angle of incidence

The angle of incidence and structural width are the essential phenomena for the wave
blocking, especially the waves of higher wavelength can be attenuated with significant

structural width. The present condition elaborates on the effect of the non-dimensional

structural width d /h, on wave scattering for a double porous structure placed on the
elevated bottom. In Figures 2.15(a,b), the K, and K, versus angle of incidence 6 is
presented with variation in the d /h, for £=0.4 (Figure 2.15a) and £=0.8 (Figure
2.15b). The increase in the d /h, shows the increase in the K. and minimum K, from

the structure is observed at @ =74° (Figure 2.15a) and @ =54° (Figure 2.15b) for all

non-dimensional structural width within 0.25<d /h, <2. The minimum K, at @ = 74°

(Figure 2.15a) and @ =54° (Figure 2.15b) is due to the formation of standing waves at

that particular angle of incidence, which may be termed as the critical angle. However,

the increase in the d/h, illustrates significant reduction in the K, for £ =0.4 (Figure
2.15b) and ¢ =0.8 (Figure 2.15b). It may be noted that for d /h =2 the variation in
K, and K, is more as compared to other non-dimensional widths of the structure. High

wave reflection is observed for all the combinations of structural width d /h at £ =0.4
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as compared with ¢ = 0.8 but the transmission coefficient is almost similar for £ =0.4
and £ =0.8. This shows that the increase in the ¢ presents a preferable decrease in the
wave reflection and less variation in wave transmission is noted between & =0.4 and
£=0.8 due to the increase in the energy damping by fluid and porous structure

interaction. However, the zero K, can achieve with the increase in the structural width.
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=07, f=2

The triple porous structures placed on the one-step seabed with finite spacing away
from the leeward wall are studied for a long-wave solution. Figures 2.16(a,b) present
the K, due to triple porous structures with variation in structural width for oblique
waves. The trend of the K, is unchanged and it is similar to previous solutions. The

oscillatory pattern for lower friction factor (Figure 2.16a) and almost uniform values of

K, for higher friction factor (Figure 2.16b) is obtained. The variation in the width of
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the three structure shows an immense role in reducing the oscillatory pattern in K,
within 8<d/h <20 due to the increase in energy damping. The structural porosity
plays a significant role in reducing the K, within 1<d/h <8 due to an increase in
energy damping. The reduction in K, is significant with an increase in the angle of
incidence and minimum estimation in K is obtained for & =60° which may be due to

the formation of standing waves.

2.4.3.5 Comparative study of multiple porous structures with leeside wall

To study the significance of the multiple porous structures with leeside wall for wave
trapping, a comparative study is performed by an increase in the number of porous

structures under the assumption of plane-wave approximation. The numerical
parameters y,,h, =0.5, £=0.4, f =05 6=0° w/h =1and h,/h =0.8 are kept
fixed. The width of a single porous structure is considered as d / h, = 2. Afterwards, the
d /h is separated into equal multiple structures for the purpose of comparison. Figure

2.17 (a,b) shows the variation in the K, (Figure 2.17a) and K, (Figure 2.17b) due to

single and multiple structures with variation in trapping chamber length L/h, .
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Figure 2.17: Comparative study between the multiple structures in (a) K, and (b) K,

versus L/h with y,h =05 £=04, f=05 60=0° d/h=2 w/h=1 and
h,/h =08,

The resonating peaks are clear in the case of the single porous structure as compared
with the multiple porous structures and the resonating peaks and troughs in the K,

(Figure 2.17a) is observed decreasing for the higher number of porous structures lying
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on the elevated bottom which may be due to the increase in the confined regions w/h,
and the transmitted wave from the first porous structure reflected by the subsequent

porous structure and interacting with the incoming waves. Similarly, the K, (Figure

2.17b) is noted decreasing with the increase in the multiple structures, and the
resonating peaks and troughs are observed to be high for N =1 and these resonating
peaks and troughs decrease with the increase in the multiple porous structures. The
increase in the confined regions is the major reason behind the decrease inthe K, . The
present study suggests that the multiple structures are the better solution for the wave

blocking and the magnitude of resonating peaks and troughs in the wave reflection K,
and wave force on the leeside wall K., can be reduced through wave damping. The
resonating troughs are observed in the K, at particular intervals, and the resonating

troughs also encourage the formation of clapotis (Twu and Lin, 1990). These clapotis
nodes are helpful in the design of coastal structures to find the optimum water chamber
length for the construction of the porous structure away from the leeward wall to

achieve the better wave trapping in practice.
25 CLOSURE

The wave dissipating performance of multiple fully-extended porous structures
considering the leeward unbounded region and confined region/leeward wall is
examined. The following conclusions are drawn from the present study:

e 91.5% energy damping is observed for a single structure within 3<y,,d <7

and 12% increase in energy damping is achieved with double structures

compared with a single structure within 1< y,,d <3.

e The lower values of the friction factor show the oscillating pattern in the wave
reflection and transmission, whereas higher values of the friction factor show

the uniform values of wave reflection and transmission.

e The resonating trend in the K, and K, is observed to be increasing with the

increase in width between the structures w/h and the w/h =1 is effective in

increasing wave energy damping.
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The resonating peaks become higher for minimal porosity and broadens with

the increase in y,,h and w/h in the presence of four porous structures with

finite spacing.

The 42% decrease in K, is achieved with a pair of porous structures as

compared with a single porous structure. Afterward, the uniform estimation in

K, is obtained with an increase in multiple structures within 3< N <5 for fixed
structural thickness.
The presence of double porous structures shows a drastic variation in reducing

the wave force impact on the leeward wall compared with a single structure.

The triple porous structure showed a considerable decrease in K,, compared
with double porous structures for minimum porosity within 0.3<¢<0.4 at

each resonating peak.

The performance of triple and four porous structures are almost similar in

reducing the K, for fixed structural width.

The increase in step height shows an increase in K, along with the increase in
resonating trend in K, within 0.1<d/h <2. The increase in the angle of
incidence shows the decrease in K, due to multiple structures upon step-type
seabed with the leeward wall.

Overall, the higher porosity is suitable for increasing the energy damping (in
the absence of leeward wall) and lower porosity is suitable in decreasing the

wave force impact on the leeward wall in the presence of double and triple

structures.
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CHAPTER 3

WAVE DAMPING BY BARRIER-ROCK POROUS
STRUCTURES

3.1 GENERAL INTRODUCTION

The fully-extended permeable breakwaters are identified as the most common
structures for dissipating the fluid oscillations, which can create gentle wave action over
the leeward locations and also allows the exchange of seawater for safe loading and
unloading of goods. The traditional rigid breakwaters require a huge quantity of
construction material and the process of construction is cumbersome. In many cases,
conventional rigid structures are subjected to high wave impact and collapsed in various
locations. In particular situations, it is a complicated phenomenon for coastal engineers/
specialists to suggest a breakwater configuration for effective oblique wave attenuation.
Hence, researchers have introduced the porosity/permeability concept, which directly
reduces the construction material, construction cost and indirectly helps in enhancing
wave damping. In general, a porous structure usually permits the maximum number of
waves to pass through pore spaces and the interaction between incident waves and pores
spaces enhances the wave decay. In the present study, a novel breakwater configuration
titled barrier-rock porous structure is suggested for wave blocking. The barrier-rock
porous structure consists of seaward and leeward vertical thin barriers with a rock-fill
between two barriers. The barrier-rock porous structure can be considered as suitable
options in different locations, where there is a significant seabed scour and weak
geological faults/conditions (Liu and Li, 2014). In general, a barrier-rock porous
structure can be developed in different structural configurations such as (a) barrier-rock
porous structure (b) structure away from rigid wall (c) structure backed by the rigid

wall and (d) structure of semi-infinite thickness placed on uniform/step-bottom.

In general, the life of a porous structure can be improved by reducing the wave impact
on the seaward structural interface (Twu and Chieu, 2000). In those situations, the

barrier-rock porous structures can perform significantly in reducing the fluid force on
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the rock-core. Moreover, seaward and leeward thin barriers can work as protective
structures of the breakwater in the presence of high wave action (Liu and Li, 2014). In
the present study, four types of barrier-rock structures are examined using the
eigenfunction expansion method and analytical results are validated with previous
results for several structural configurations. Thereafter, the straight analytical relations
are proposed for the determination of wave reflection and transmission using plane-
wave approximation. The effect of structural porosity, friction factor, incident wave
angle, breakwater thickness and trapping chamber length on wave scattering/trapping
is presented for various types of barrier-rock porous structures. The skin depth for the
semi-infinite barrier-rock porous structure is presented considering step-bottom.
Finally, the comparative study is performed between four different structural
configurations in the presence of step-bottom considering variable breakwater porosity.

3.2 MATHEMATICAL FORMULATION

The wave motion through the idealized barrier-rock porous structure of various
structural configurations is shown in Figure 3.1(a-d). In general, vertical breakwater
with barriers can be designed in four possible cases such as barrier-rock porous
structure (Figure 3.1a), structure away from the rigid wall (Figure 3.1b) backed by a
rigid wall (Figure 3.1c) and structure of semi-infinite thickness (Figure 3.1d). The
linearized wave theory is used to examine the wave scattering and wave trapping by the
barrier-rock porous structure. The 3D Cartesian co-ordinate system is considered
having x-axis being perpendicular to the structure, y-axis being positive downward and

z-axis is parallel to the breakwater. The angle of incidence on the barrier-rock porous

structure is denoted as @ which varies within 0°<@<90° at water depth hj. The

seaward and leeward thin barriers are examined by adopting the barrier condition as in
Yu (1995) and rock-core placed between the two thin porous barriers is analysed using
the classical method proposed by Sollitt and Cross (1972) for wave-induced flow
through porous blocks on assuming homogeneous porosity. The fluid is assumed to be
incompressible, inviscid and fluid motion is irrotational with simple harmonic in time

and angular frequency .

In addition, the incident wave is assumed to be impinging on the porous breakwater at

anangle 6. Thus, there exist velocity potentials ¢, (x,y,z,t) and free surface deflection
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¢,(x,z,t) given in the form of &(x,z,t) = Re{nj(x)e““*“")}, where Re being real
part and A = y,,siné is the wave-number component in the z-direction, € is the angle

of impinging which varies within 0° <& <90°. The porous barriers width is minimal
as compared to the wavelength of incident waves (Sahoo et al., 2000; Huang et al.,
2011). So, the whole fluid domain is divided into upstream/downstream open water

regions and porous structure region. The spatial velocity potentials ¢,(x, y) satisfy the

Helmholtz relation in each fluid region given by

O (xy)  0°4,(xY)
x> 8)/2

where j=1,2,3 shows the velocity potentials in free water and barrier-rock porous

—1%¢,(x,y) =0, for j=1,2,3 (3.1)

structure occupied regions.

Porous structure Vertical barriers Free surface z
x _ . _ \ %

b3 ¢,

(a)

s 1] U y=h; | _y=hs
RN ©) N AURNNRNNNNN (d) RN ]

(b) x=bs x=-bs x=-b1 x=-b1

Figure 3.1: Schematic diagram for (a) barrier-rock porous structure of finite thickness
(b) structure away from rigid wall (c) structure backed by the rigid wall and (d) structure

of semi-infinite thickness placed on step-bottom.
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The linearized free surface condition for free-water and structure regions is given by

o, (X, )
oy

where T, , = ®’/g and T, = »*(S, +if,)/g for free-water regions and porous structure

+I,4,(x,y)=0 on y=0, (3.2

region respectively, the S, and f, are reactance and resistance coefficients of the

porous breakwater and i=+/~1 is the imaginary number. The wave motion upon

impermeable seabed is given by

06, (x, .
BN _gony=h for j=12.3 (3.3)

where h; for j=13 is water depth in upstream/downstream free-water regions and h,

is water depth in barrier-rock porous structure region. However, the fluid pressure and
velocity must be continuous across the seaward and leeward structural interfaces within
0<y<h,, the matching condition at the structural interfaces (Isaacson et al., 2000;

Karmakar et al., 2013; Karmakar and Guedes Soares 2014, 2015) are given by
Oh(x.Y) _ 04,(x.Y)
~ %b

= i71061[(sb + ifb)¢2(X1 y)—¢1(x, Y)] at Xx= _bl (3.4a)

OX OX
a¢3g, y)=€b %g’ y)=i73062 [4,(%, ¥) — (S, +if, )¢, (x, y)] at x=-b, (3.4b)

where &, breakwater porosity, G;, j=1,2 is porous effect parameter of seaward and

leeward vertical porous barriers respectively of the form

&
Gyp) = 0 (3.5)
1@ 71ods(|) ( fs(l) _|Ss(|))

where d,, is thickness &, is porosity, f, is resistance and S, is the reactance of

seaward and leeward barriers respectively. The no-flow condition near the rigid step-

bottom is given by

—8¢1§;’ ) =0 on x=-h, for h,<y<h, (3.6a)
—a¢3(gx, ¥) _0 on x=-b,, for h, <y<h,. (3.6b)
X

The barrier-rock structure is placed near/far away from the seawall. Hence, the no-flow

condition at the seawall is given by
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%,(x.Y) =0 on x=-h,,0<y<h,, (3.6¢c)
OoX
€%§2Q=oonx:_@msysm, (3.60)

The linearized resistance f, and reactance coefficients S, (Sollitt and Cross, 1972) due

to the presence of porous rock-fill is determined on solving the relation given by

S, =14C. F‘ﬂ (3.72)

QD A S , (3.7b)
@ fav [ &0t
V t

where C_ is the coefficient of added mass considered to be very minimal/zero (Sollitt
and Cross, 1972), thus S, =1 is kept fixed throughout the study. The K is intrinsic

permeability, q is instantaneous Eulerian velocity vector, v is kinematic viscosity, V

is volume, C, is a turbulent resistant coefficient and T is wave period. In the case of

seaward and leeward porous barriers, the reactance S_,, =1, resistance f_,, =2, and

s(l) s(l)

barrier thickness d.,,/h =0.04 for j=1,2 is kept fixed (Suh et al., 2011; Liu and Li,

s(l)
2014).

The wavenumber in upstream/downstream free-water region y, for j=1,3 and
barrier-rock porous structure region y,, satisfies the dispersion relation for finite and

shallow water depth is given by

wz_{gyjotanhyjohj for n=0

for j=13 (3.84)
—gy,tany,h,  for  n=12..

tanh »,,h for n=0
@’ (S, +if,) = 9720 Vo' (3.80)
gy, tanhy, h,  for  n=12,...
w’ =gyiph, for j=13 (3.9a)
@ (S, +if,) = gr5h, (3.9b)

where @ is wave frequency and g is acceleration due to gravity.
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In the far-field region, the radiation conditions in the presence of barrier-rock porous

structure are given by

1,67 + R e"*) f, (y as X— o,
¢j(X)=( | Y (3.10)

(T ™" ) f0(¥) as X —>—o,
where 1,,, R, and T, are the complex amplitude of incident, reflected and transmitted

waves respectively. However, the monochromatic incident wave amplitude |, is

considered as unity.

3.3 METHOD OF SOLUTION

The barrier-rock porous structure in various structural configurations is examined using
the eigenfunction expansion method. The method of solution for each of the structural

configurations is presented in as subsections.
3.3.1 Barrier-rock porous structure of finite thickness

The barrier-rock porous structure configuration is designed and constructed at
Dongying bay, China (Liu and Li, 2014) to dissipate the incident waves. In the case of
the barrier-rock porous structure, the fluid domain is divided into seaward and leeward

free water regions along with a barrier-rock porous structure occupied region. The

velocity potentials ¢, (x,y) for j=1,2,3 representing each of the regions is given by

g (% y) = {Loe ™ + R e **bl}fm(y>+ZRm (),
for —b <x<ow, 0<y<h,

(3.11a)

X y ZZ{ —|k2n x+by) +B elkzn x+by ) }on(y) for —b2 <X<—b1, 0< y<h2, (311b)

n=0

By (%, Y) =Tye @ (y)+ HZ:;,TSne”“(”bZ’ fon(Y), (3.11¢)

for —o<x<-b,, 0<y<h,.

coshy. (h. — _
7in(h; =) for jo13 f, = cosh z,,(h, — y)
coshy;,h cosh y,.h,

where f, = . Ve ¥ are

j
wavenumbers in the y-direction, k;, = [y’ —12, k;, =472 —1> are wavenumbers in

the x-direction, and | =y, sin@ is wavenumber in the z-direction. Moreover, the
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Yio=ly,, for j=13 and n=12.. It may be noted that the eigenfunction

f,,(y), i =12 and 3 satisfy the orthogonal relation given by

(Fot) =10 TN MEN g (g g, =] O T MR 0
e n/ias T\ Cl o for m=n, momfe | cr for m=n,

with respect to the orthogonal mode-coupling relation defined by

o'—._

Ty, and (1,6, = [ f,0) 7, (dy, (3120

m' jn

2y h. +sinh2y. h.
where Cr,1|j=13={ Yin J+ Yin ]} and C”

2y, +sinh 2y h.
5 Vinlhy TSN 270, for
4y, cosh”y, h

2
j 4y;,cosh”y, h,

n=0,1,...with Colisa for n=1,2,... are obtained by substituting y, =iy, for free
water region.

3.3.1.1 Full solution

The hydrodynamic performance of the barrier-rock porous structure is examined on
applying the mode-coupling relation as in Equation (3.12a,b) along with the velocity
potentials as in Equation (3.11a) — (3.11c), matching conditions as in Equation (3.4a,b)
and no-flow conditions at rigid-step as in Equation (3.6a,b). Using the mode-coupling

relation, the system of equations is given by

o hy
{Imé‘ '7/10 "‘Z IJ/lOGl+ik1n)R1n:|J‘ £ (Y) fi, (y)dy =
" ° (3.13a)

hy
Zmo Sy +ify )| Ay +Bone ™ ][ £, () f1n (v)dl,
0

_ikln {Iloé‘nm - le}< fln(y)f flm(y)> =
. ~n (3.13b)
& [Z—ikm { A =B ™} [ £,,(y) flm(y>dy}

n=0
) h,
173,G l: Sy ‘Hf Z{ e’ +an}_[ f,.(Y) f3m(y)dy:|:
n=0 0
) N (3.13¢)
Z(i%oGz +ik,, )TSn _[ fan (Y) £, (Y)dy,
n=0 0

n=0

gb I:i_ian {AZneiikznd - BZn } _f f2n (y) f3m (y)dy:| = _ik3nT3n < f3n (y)’ f3m (y)> (313d)
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1 for m=n=0,

RS = =0,12,....
0 for m=n=12,..., d=-(b,~-b), n=012,..and m

where 0, :{

The infinite series sums presented in Equation (3.13a) - (3.13d) are truncated for a finite
term M to obtain the linear system of 4(M +1) equations to determine 4(M +1)
unknown coefficients such as R,,, A,,, B,, and T,,. The oblique wave reflection,
transmission and damping coefficients due to the barrier-rock porous structure is

determined using the relation given by

R

10

T30

K =

r

, K=

t

and K, :1—(Kf + Kf). (3.14)

10 10

3.3.1.2 Plane-wave approximation

The straight analytical relations for finding the K, and K, due to barrier-rock porous

structure placed on step-type bottom are presented for progressive plane wave given by

Rt WoQ) M@ Q)
Lo | itank,,d (X + M{QsQ, )+ M,X(Q +Q,)
_ h _ 2EM, {(1— Rlo)(X_iklo)_ileGl(1+ Rio)} (3.15b)
t I (MbQLWLX)(Mb_i7/1oG‘1)_(MbQL_X)(Mb+i7/l°Gl)Ez1 |

where Mb:ﬂ{@}:i{ﬁ} G, =S, +ify, k20:(7/220_|2)1/2, k10:(7120_|2)1/2,

G, | Ko | Gy Ky
. i 170G, —ikyg i35G, +iky 173G, + 1Ky

|=y,sing, E=e* Q =—"—7-—7 0Q=""r—"—, =——,

. I 170G, ; 170G, - 173G,

U vV h, h,

d =—(b,-b), X=V' A=V_V’ W :_([ fzo(Y)flo(y)dyzl fo0 (Y) f5 (y)dy,

by hy h, h,
U :_[ fo (Y) fo (y)dy :J. fo(Y) 5 (Y)dy and V = j fo (y) 1o (y)dy :I f2(Y) T3 (Y)dy.

0 0 0 0

The analytical equations as in Equation (3.15a,b) can be used for several structural

configurations such as

e h,/h =1, shows the barrier-rock porous structure placed on a uniform bottom

e ¢ =land f, =0, shows the wave scattering by two permeable barriers without

porous structure
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e G, =G, =0 shows the porous structure with seaward/leeward rigid barriers

e The G, =G, —> o0 shows a porous structure without barriers (G, =G, =10 is
suggested by Liu and Li, 2014).

The wave reflection/transmission due to porous structure without barriers placed on

step-bottom on considering G, =G, — o is given by

:|R1 itanky,d (X* -~ M) (3.150
[Lo| itankyd (X2 +MZ)+2M, X’ '
_ Tao _ {_Rlo (X+1)+(X_1)}Mb . (3.15d)
Colhe] i(ME=X)sink,B + (X, 1) M, cosk,,B

The analytical relations as in Equation (3.15c,d) can be used for the uniform bottom on
considering X=U/V =1.
3.3.2 Barrier-rock porous structure placed away from a rigid wall

The present subsection shows the wave trapping by a barrier-rock porous structure
placed far away from the rigid wall as in Figure 3.1(b). The velocity potentials in each
of the region for the wave interaction with the barrier-rock porous structure placed far

away from the rigid wall is given by

B(% ) ={lge 0 4 Rl }fm(y>+ZRne*'“"<”“) fn(Y),

-b <x<w, 0<y<h,

(3.16a)

(x,y :Z{ g kan (+B1) +B, e.kzn x+by) }fzn(y) for —b, <x<-b, 0<y<h,, (3.16b)

n=

¢3 (X, y) = T30 {e‘ikso(x+bz) + eik30(x+b3+L)} fao(y) + ZTSn {eK3n(X+b2) + e‘Ksn(X+b3+L)}f3n (y)
n=1
for —a,<x<-a,,0<y<h,.
(3.16¢)

where L is the spacing between structure and rigid wall.
3.3.2.1 Full solution

The mode-coupling relation as in Equation (3.12a,b) is utilized along with the velocity

potentials as in Equation (3.16a) — (3.16c), matching conditions in Equation (3.4a,b)
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and no-flow conditions as in Equation (3.6a,b) to obtain the system of linear equations

given by

0 hZ
|:|105nm (iV1061 - ikm)"’Z(i?/loGl + ikln)Rln:|I £, (y) fi (y)dy =
0

n=0

) . (3.17a)
217266y (Sy +ify ) [ Ay +Bong | [ 10 (v) i ()Y,
_ikln {|10§nm - le} < fln (y)’ flm (y)> =

0 . e 3.17b
&y [z_ian {AZn - BZne_Ikznd } I f2n (y) flm (y)dyj|! ( )

172G, {(sb +if,) S A ™ + By} () f3m<y)dy} -
" ° h (3.17¢)

D T [ 17508, (L€ ik, {16} [ [ £, () £, (y)dly,

& {g—ik% { Aot - BZH}h[ Fon () Fo (y)dy} = -

—ik;, T, (1_62ik3nL)< fan (V) fan (y)>

The infinite series sums presented in Equation (3.17a) — (3.17d) are truncated for a finite
term M to obtain 4(M +1) linear equations for determination of 4(M +1) unknown
coefficients and K, due to the barrier-rock porous structure away from the rigid wall is

computed using Equation (3.14).
3.3.2.2 Plane-wave approximation

The analytical relation for K, due to a barrier-rock porous structure placed far away
from the rigid wall in the case of a progressive plane wave is given by
Ry| itankyd (X*-M{QZ,)+M,X(Z, -Q)

K = pr )
Lo| itank,d(X*+MQZ, )+M,X(Z, +Q)

r

(3.184)

G, +iky, tank,, L

730
where L=(b,—-b,) and Z, =
(0 =b,) b iy,,G, tankg L

If the G, =G, — oo, then the relation for K, presented in Equation (3.18a) reduces for

wave propagation through the porous structure without barriers and is given by
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i tan kod (iX? tanky,L —M{ )+ M, X (1-itanky,L)
itankyd (iX? tanky,L+MZ)+ M, X (L+i tanky L)

R

IlO

(3.18b)

r

3.3.3 Barrier-rock porous structure backed by a rigid wall

In the case of barrier-rock porous structure backed by a rigid wall, the rock-fill is placed
within the seaward barrier and rigid leeward wall (Figure 3.1c). The application of the
present case can be found in Kelsey Bay, Canada (Isaacson et al., 2000). The velocity

potentials for seaward free-water and porous structure occupied regions are given by

¢1 (X, y) _ { Iloe—ikm(x+bl) n R1oeikm(x+bl)} f10 (y) + ; Rlne*Kln(Xerl) fln (y)’ (319a)

for —a <x<ow, O0<y<h,

¢2(x,y):iAZn cosk,, (x+b,)f, (y) for —a,<x<-a, 0<y<h,. (3.19b)

n=0
3.3.3.1 Full solution

The full solution for the barrier-rock porous structure backed by a rigid wall is obtained
using orthogonal mode-coupling relation, and on solving the system of linear equations

are given by

h2 o0 h2
1100 (i71061 - ikm)_[ f, (V) (y)dy + Z(i71oGl +iky, ) Ran. f.(y) fi (y)dy =
0 n=0 0
(3.20a)

o hy
(S, +1f,) Y i730GuA, €08(Kyyd) | 0 (¥) Fin (Y1,
n=0 0

=Ky, {118 = Rin f { Fia (V) Fin(¥)) = gbi_an Ao Sin(kznd)J2 fon (¥) fin (y)dy.  (3.20b)

The infinite series sums presented in Equation (3.20a,b) are truncated for a finite term

M to obtain 2(M +1) linear equations to compute the K, due to barrier-rock structure

backed by wall using Equation (3.14).

3.3.3.2 Plane-wave approximation

The analytical relation for finding the K, due to barrier-rock porous structure backed
by a rigid wall is given by

Ry

I10

X~ (745, — ik )M, tank,d

K, = - - .
X + (734G, +iky, )M, tank,,d

r

(3.21a)
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where M, = - % Ko . It may be noted that, if G, — oo, then the relation
172061 (S, — 1) | Ky

for K, presented in Equation (3.21a) reduces for wave propagation through the porous

structure without barrier and is given by

Ry

I10

_ X-M, tank,d
X+M, tank,d

K =

r

(3.21b)

3.3.4 Barrier-rock porous structure of semi-infinite thickness

In the present case, barrier-rock porous structure width is considered to be infinite,
which suggests that the whole leeward region is occupied by the porous structure. As
the gravity waves enter through barrier-rock porous structure at the seaward interface,
then the obliqgue wave amplitudes are subjected to wave decay due to semi-infinite
structural thickness. The velocity potentials for the semi-infinite barrier-rock porous

structure are given by

(% y) = {18 0+ Rige™ e £ () + R e 0 g (),
n=1

for —b, <x<o, 0<y<h,

(3.22a)

(% y)=D A g, (y), for —o<x<-h, 0<y<h, (3.22b)
n=0

3.3.4.1 Full solution

The system of linear equations on applying the orthogonal mode-coupling relation

along with the matching conditions are given by

h2 o0 h2
1160 (i7loG1 - ikm)_[ f, () (y)dy + Z(i71oG1 +iky, ) Rln_[ £, (y) f (y)dy =
0 n=0 0

i} N (3.23a)
(S+ify) 2 1716GiAsn [ Fan (Y) Fin (V).
_ikln {|10§nm - le}< fin (y), flm(y)> =& i_ianAZnJg fan (v) fim (y)dy. (3.23b)

The infinite series sums presented in Equation (3.23a,b) are truncated for a finite term
M to obtain 2(M +1) a system of linear equations for the determination of K, due to

barrier-rock porous structure of semi-infinite thickness using Equation (3.14).
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3.3.4.2 Plane-wave approximation
The analytical relation for finding the K, due to the barrier-rock structure of semi-

infinite thickness using plane-wave approximation is given by

Ry

_ X_(i}/lOGl_iklO)Mb .
X+ (i70G, +iky )M,

r

(3.24a)

I10
Further, in the case of G, > o, the relation for K, presented in Equation (3.24a)
reduces for wave motion through the porous structure without barrier and is given by

R

10

X-M,
X+M, "

(3.24D)

r

I10
The analytical relation for finding the K, and K, due to porous structure in the absence
of vertical barriers considering various structural configurations such as finite structure
(Equation 3.15c,d), structure away from the rigid wall (Equation 3.18b), structure
backed by rigid wall (Equation 3.21b) and structure of semi-infinite thickness (Equation
3.24b) can be validated with analytical relations proposed by Madsen (1983) and
Dalrymple et al. (1991) on considering the uniform bottom X=U/V =1.

The wave force on the seaward side K, and leeward side K, of the barrier-rock

porous structure is obtained as
F F

=——and Ky=—"—, 3.25a
i 2pghl,, ? 2pghly, ( )
h h
with F, = ipo| (4 —¢,)dy at x=-b and F, = ipo[(4,—4 )y at x=—b,.
0 0
The wave force experienced by a rigid vertical wall K, is obtained as
F
K = —, 3.25b
" 2pghl,, ( )

h
where F, = ipa)'[¢3(x, y)dy x=-b, with the leeward confined region and p is the
0

fluid density. The oblique wave dissipation due to semi-infinite barrier-rock porous

structure is measured using the skin depth K, (Dalrymple et al.,1991) given by

(720 -1 )
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3.4  RESULTS AND DISCUSSION

The convergence of hydrodynamic characteristics is presented on increasing the
number of evanescent wave modes M in Table 3.1 for four different types of barrier-

rock porous structures. The K, and K, shows considerable variation between the plane-

wave assumption and full solution for all the types of barrier-rock porous structures in
the presence of step-bottom as compared with the uniform bottom. However, an
enhance in the number of evanescent wave modes M >15 illustrates the convergence
in the hydrodynamic characteristics upto four decimal places (Dalrymple et al., 1991,
Twu and Chieu, 2000). So, the evanescent wave modes are truncated upto finite number
M =15, and kept fixed throughout the study.

Table 3.1. The convergence of K, and K, for four-types of barrier-rock porous
structures considering y,,h=0.5, B/h=3, h /h=0.7, §=15°, & =04 and f,=1.

Number of | Barrier-rock porous Barrier-rock | Barrier-rock | Barrier-rock

evanescent | structure of finite thickness| structure structure structure of

wave modes away from | backed by | semi-infinite

M rigid wall rigid wall thickness
Kr Kt Kr Kr KI’

M=0 0.55184 0.31011 0.58012 0.34512 0.50435
M=1 0.55211 0.30382 0.58899 0.35131 0.50511
M=5 0.55301 0.30401 0.58961 0.35142 0.50520
M =10 0.55303 0.30407 0.58966 0.35147 0.50524
M =15 0.55303 0.30400 0.58966 0.35147 0.50524
M =20 0.55303 0.30400 0.58966 0.35147 0.50524

The results obtained in the present study are compared with the available numerical/

analytical results reported by a few of the researchers. The wave reflection K, versus
angle of incidence @ is computed for variable friction factor f, and compared with
Dalrymple et al. (1991) in Figure 3.2(a). The study noted that the increase in f,
maximizes K, and the zeros in K, is obtained at #=74° The K, and K, versus

dimensionless structural width y,,d is presented for the full solution (on considering

evanescent waves) and long-wave assumption in Figure 3.2(b), and compared with Liu
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and Li (2013). The increase in 7, shows a little reduction in K, and K,. Mallayachari

and Sundar (1994) examined the K, due to porous breakwater backed by a rigid wall
for variable structural porosity (Figure 3.2c) using a numerical approach. The study

noted that the lower structural porosity maximizes the K, and higher structural porosity
minimizes K, due to enhance in damping coefficient. Zhu and Chwang (2001)
presented K, versus # (Figure 3.2d) for a thick porous barrier away from the rigid

seawall. The minimum K_ is obtained for #=66° due to the formation of standing

waves. Figures 3.2(a-d) show that the present analytical results agree well with
available analytical/ numerical results. Thus, the present study examined the wave
scattering/ trapping by (a) barrier-rock porous structure, (b) structure away from rigid
wall (c) structure backed by the rigid wall and (d) structure of semi-infinite thickness
placed on the uniform and step bottom.

3.4.1 Barrier-rock porous structure of finite thickness

The wave reflection K, transmission K, and damping coefficient K, due to barrier-

rock porous structure consisting of two permeable vertical thin walls along with a
rockfill within the two barriers as shown in Figure 3.1(a) is examined using

eigenfunction expansion method.

3.4.1.1 Role of structural porosity

Figure 3.3(a-b) depicts the K,, K, and K, versus dimensionless width d/h for
various values of structural porosity within 0.2 < ¢, <0.8. Minimal porosity &, =0.2
shows the maximum K, (Figure 3.3a), minimum K, and K, (Figure 3.3b) as compared
with other combinations of ¢,. However, increase in the ¢ maximizes K,, K, and
minimizes the K,. The increase in d /h shows a resonating crest at d /h, =2.5 and

thereafter uniform values in K, is obtained due to the seaward constructive

interference. The high porosity allows more oblique incident waves through porous

structure and enhances the wave decay. Similarly, K, is observed to reduces
monotonously with enhance in structural width. However, optimal values in K., K,

and K, are observed at d/h=5 for all the combinations of porosity within
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0.2<¢,<0.8. The dimensionless width d/h within 5<d/h <10 shows almost

uniformvalues in K, and K, along with a slight reduction in K,. The increase in d / h,

enhances the capital cost of breakwater but the performance is limited after achieving

the optimal values in wave scattering. Hence, the wave decay due to d /h, =5 is evident

for optimal wave damping by the barrier-rock porous structure.
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Figure 3.2. Comparative study of present study results with (a) Dalrymple et al. (1991)
(b) Liu and Li (2013) (c) Mallayachari and Sundar (1994) and (d) Zhu and Chwang
(2001) for several structural configurations.
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Figure 3.3. Variation of (a) K, (b) K, and K, versus d/h for various values of

structural porosity considering y,,h, =0.5 and 6 =15".
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3.4.1.2 Role of friction factor

Figure 3.4(a-b) shows K., K, and K, versus dimensionless structural width d /h, for
variable friction factor within 0.25< f, <1. The minimal friction factor f, =0.25
shows more oscillations in K, (Figure 3.4a) and maximum f =1 shows almost
uniform values in K, after achieving the resonating peak at d /h =2. The decreasing
pattern in K, and increasing trend in K, (Figure 3.4b) is obtained with an increase in
structural width d /h,. The study shows that the friction factor plays a significant role

in reducing the K, due to the enhancement in K,.
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Figure 3.4. Variation of (a) K, (b) K, and K, versus d/h for various values of

friction factor considering y,,h, =0.5 and 6 =15".

3.4.1.3 Role of the angle of incidence

Figure 3.5(a-b) depicts the K., K, and K, versus angle of attack # for variable
dimensionless wave number y,,h within 0.5<y,,h <2. The higher values of ,,h
shows the resonating phenomena along with a slight reducing pattern in K, (Figure
3.5a), decreasing trend in K, (Figure 3.5b) and increasing pattern in K, (Figure 3.5b)

within 0° <@ <65°. Thereafter, a sudden surge in K., a drastic reduction in K, and

r
K, is obtained. The minimal values of K, is obtained within 45° <@ < 65° for variable
7N, due to the dominance of standing waves. Specifically, very minimal values in K,
K, and more than 90% of K, is achieved for y,,h =1.5 and y,h=2 within

0°<69<60° for d/h =2.
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Figure 3.5. Variation of (a) K, (b) K, and K, versus @ for various values of y,,h
considering h,/h, =0.8 and d /h =2.

3.4.1.4 Role of step bottom

Figure 3.6(a-b) illustrates K,, K, and K, for variable structural height/bottom rigid
step-height h, /h, considering seaward barrier porosity & =0.3 and & =0.6 in the
presence of barrier-rock porous structure. The increase in h,/h maximizes K, and
deviation in K, is evident within 0.7<h,/h <0.9. Almost uniform values in wave
transmission K, is obtained for all the combinations of step height. The higher step

height minimizes the K, as compared with the uniform bottom.
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Figure 3.6. Variation of K., K, and K, versus d/h, for seaward barrier porosity (a)
g =03 and (b) & =0.6 considering y,,h, =0.5 and 9 =15".

The higher seaward barrier porosity ¢ =0.6 (Figure 3.6b) shows considerable variation
in K, as compared with minimal seaward barrier porosity & =0.3 (Figure 3.6a). The
step height h,/h =0.7 shows a significant role in increasing the K, for & =0.6.

However, moderate rigid step height with the porous structure h,/h within
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0.8<h,/h <0.9 can perform significant wave decay due to larger porous structure

depth and minimal rigid step height.
3.4.2 Barrier-rock porous structure placed away from a rigid wall

In the present section, the wave reflection K,, wave force on rigid wall K, wave

r1
force on the seaward barrier K, and the leeward barrier K, are presented for a barrier-
rock porous structure placed far away from the rigid wall. The spacing between the

rigid wall and barrier-rock structure is termed as trapping chamber and denoted as L/ h,.

3.4.2.1 Role of structural width
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Figure 3.7. Variation of (a) K, (b) K,, (c) K and (d) K, versus d/h for various
values of trapping chamber length L/h, considering y,,h, =1 and 6 =15".

The effect of structural width d / h on wave trapping is presented for variable trapping
chamber spacing L/h, in Figure 3.7(a-d). The resonating effect in K, (Figure 3.7a),
K., (Figure 3.7b), K (Figure 3.7c) and K, (Figure 3.7d) is observed with increase in
d /h, within 0.01<d/h <5 for all the combinations of L/h. Thereafter, a uniform

value of K., K,, K, and K, is observed with enhance in the d/h within
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5<d/h <10 for all the combinations of L/h. Thus, the present study suggests that
the resonating pattern in wave trapping is evident for a specific interval of L/h, for

710N, =1. The zero wave reflection and minimal wave force impact on the structure and

the rigid wall is obtained for particular values, which is effective in the design and

construction of barrier-rock porous structures in the presence of the seawall. It is also

noted that the increase in d/h shows almost uniform values of K,  within
4 <d/h <10, which shows that the role of the trapping chamber is very minimal in
the case of higher values of structural width. The corresponding K, K and K also
approaches to very minimal values due to the effective damping within 4 <d /h, <10.
In the case of dimensionless structural width d/h, within 0.01<d/h <1, the high
wave force impact on the seawall K, (Figure 3.7b), high wave impact on the leeward
barrier K, (Figure 3.7d) is obtained as compared with the wave force impact on
seaward barrier K, due to the minimal structural width and wave trapping in the finite
spacing L/h. On increasing the structural width, the K, and K, is observed to be
reduced due to an effective wave damping.

3.4.2.2 Role of trapping chamber spacing

The effect of trapping chamber spacing L/h on K, (Figure 3.8a), K,, (Figure 3.8b),
K. (Figure 3.8c) and K, (Figure 3.8d) is reported for various combinations of
structural porosity varied within 0.2<g <0.8. The lower values of ¢, shows the
higher values of K, in a resonating manner. The increase in &, shows a considerable
decrease in K, and variation at each of the resonating crest and trough is evident for
the effective design of the barrier-rock porous structure. In addition, K;,, K, and K
shows the multiple oscillations with enhance in L/h. The resonating troughs in K,
resonating crests in K, and K, is observed for the same values of L/h, which

suggests that the increase in L/h shows either high wave impact on rigid wall or

maximum wave force on the seaward porous barrier. The resonating troughs and higher

structural width can perform minimum values in hydrodynamic characteristics. It is also
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noted that the structural porosity shows minimal role in the wave impact on the leeward
porous barrier due to wave reflection by a rigid wall.
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Figure 3.8. Variation of (a) K, (b) K,, (c) K and (d) K,, versus L/h, for various
values of porosity &, considering 7,,h, =1 and 6 =15".

3.4.3 Barrier-rock porous structure backed by a rigid wall

The barrier-rock porous structure backed by a rigid wall consists of a porous rock fill
within the seaward permeable barrier and the leeward rigid wall (porous structure at
New Kelsey bay Canada). The wave reflection is reported for various values of
structural porosity, friction factor, angle of wave attack and dimensionless wave

number.

3.4.3.1 Role of structural width

The Figure 3.9(a-d) shows K, due to barrier-rock porous structure backed by the rigid
wall for various values of structural porosity ¢, (Figure 3.9a), friction factor f, (Figure
3.9b), angle of incidence & (Figure 3.9c) and dimensionless wave number y,,h, (Figure
3.9d) versus dimensionless structural width d /h,. Higher values of &, reduces the K,

due to wave decay and the oscillations in K, vanishes for higher values of f,. In
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addition, the minimum variation of K, is achieved with an increase in friction factor.
However, f, =0.25 shows the high oscillations and zero values in K, for specific
values of d /h, which may be due to the formation of standing waves. The variation in
6 shows a significant role in reducing the K, and the variation between the 6 =0° and
0 =15° is very minimal, thereafter the significant reduction in K, is noted for higher
values of 9. Moreover, almost zero values of K, is achieved for #=60° due to the
effect of standing waves. The increase in y,,h, shows little reduction in K, for variable
d /h, within 4<d/h <10. However, a sharp decreasing pattern in K, is noted for

variable dimensionless structural width within 0.01<d /h <3.
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Figure 3.9. Variation of K, versus d/h for various values of (a) porosity &, (b)
friction factor f, (c) angle of incidence ¢ and (d) dimensionless wave number y,,h
considering ¢, =0.3 and f, =2.

Almost unity in K, is obtained for all the combinations of porosity, friction factor,
angle of incidence and dimensionless wavenumber at d /h =0.1 due to the no-flow

condition applied at the rigid seawall. In general, the rigid seawalls usually reflect the

total waves towards the incident wave region (Madsen, 1983; Mallayachari and Sundar
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1994). In all the cases (Figure 3.9a-3.9d), the minimum values in K, is observed for
d/h >2 and & = 0.6, which is effective for the design of barrier-rock porous structure
backed by a rigid wall for optimal wave decay.

3.4.4 Barrier-rock porous structure of semi-infinite thickness

In the case of the barrier-rock porous structure of semi-infinite thickness, the porous
structure is assumed to occupy the whole leeward region from the seaward point of

construction. The wave reflection K, due to semi-infinite barrier-rock porous structure
is examined for the variable angle of incidence, structure/rigid step-height and skin
depth.

3.4.4.1 Role of angle of incidence

Figure 3.10(a-b) shows K, versus @ for variable porosity &, (Figure 3.10a) and friction

factor f, (Figure 3.10b). The increase in &, minimizes the K, and almost zeros in K,

is obtained due to the formation of standing waves and the point of zero reflection is

referred to as the critical angle of impinging. In addition, the critical angle is observed

to be moving towards the left side with an increase in &,. The enhance in friction factor
f, (Figure 3.10b) minimizes the K, and critical angle is observed at @ =65" for
g, =0.6 and =82° for &, =0.2. The lower structural porosity &, =0.2 shows higher

values in K, and moderate structural porosity &, =0.6 shows minimal values in K,

due to constructive and destructive interferences. Finally, the study suggests that

structural porosity &, =0.6 is suitable to construct the barrier-rock semi-infinite

structure for effective wave decay.
3.4.4.2 Role of step bottom

Figures 3.11(a-b) shows K, versus @ for variable bottom rigid step height h,/h for
the full solution (Figure 3.11a) and long-wave approximation (Figure 3.11b). The

increase in rigid step height shows a minimal variation in the K, at the point of critical
angle in the case of the full solution. In addition, the variation in h,/h shows

considerable change in K, for long-wave approximation as compared with the full
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solution. In both cases, the critical angle for each of the structural porosity is observed
to be §=74° for ¢, =0.2, =70° for ¢, =0.6 and & =60° for &, =0.6, which is due

to the formation of standing waves.

¢=03,1=2,h/h =08,
1,0,=0.5, 5,= 0.2 and 0.6,

(a)

Figure 3.10. Variation of K, versus angle of incidence & for various values of (a)
porosity ¢, (b) friction factor f, considering h,/h, =0.8 and y,,h, =0.5.
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Figure 3.11. Variation of K, versus angle of incidence & for various values of structural

porosity &, considering f, =1 and y,,h, =0.5 for (a) full solution and (b) long-wave
approximation.

3.4.4.3 Role of skin depth

The oblique wave decay by a barrier-rock porous structure of semi-infinite thickness is

measured using the skin depth K, (Dalrymple et al., 1991). In the present study, the
oblique wave decay is reported in terms of K, as a function of angle of impinging ¢
for variable dimensionless wave number y,,h, as in Figure 3.12(a). In most of the cases,
the K, is observed to be minimum as compared with the dimensionless wavenumber

700, which suggests that the barrier-rock structure having high structural width
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(structural width is more than the wavelength) can perform as a semi-infinite porous

breakwater (Dalrymple et al., 1991).
3.4.5 Comparative study of various barrier-rock porous structures

The comparative study is conducted between the four-types of porous structures and

presented in Figure 3.12(b). An almost uniform value in K, is noted with an increase

in ,,h, for semi-infinite structure. The minimal/zero K, is obtained for y,,h, =0.01 in
the presence of finite structure. In the case of barrier-rock porous structure very near/far

away from the rigid wall, the unity in K is obtained due to the zero-velocity condition
at the wall. However, K, for all four types of barrier-rock porous structures are
observed to be the same at y,,h, =1.35, which is termed as the first converging point.
Then, a little deviation of K, is noted within 1.35< y,,h, <1.75. Thereafter, four types
of structures show a uniform K, at y,,h, =1.75 which is called as second converging

point and then a very minimal deviation in K, is observed.

1.0

777777 Barrier-rock structure with finite width
777777 Barrier-rock structure with wall

777777 Barrier-rock structure backed by wall

08+ —~ Barrier-rock structure of semi-infinite width
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(a) : (b)
Figure 3.12. (a) Variation of skin depth versus angle of incidence, (b) comparative study
of four types of barrier-rock porous structures.

In addition, four types of structures show exactly similar values in K, for variable y,,h,
within 3<y,,h, <5 for structural porosity &, =0.2 and &, =0.4. The width of all the
three finite porous structures is kept fixed d/h =4. The ratio of barrier-rock structure
width and wavelength is obtained as d/1=0.86 for y,h =135 d/1=11 for

7,00 =1.75 and d/ 2 =1.91 for y,,h =3. Finally, the study shows that, if the ratio of

width and wavelength d /A approaches to unity/higher, then the finite structure

with/without rigid wall will behave as semi-infinite structure. In general, the
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construction cost is identical for four different types of porous structures for fixed
structural width. But, in the case of a porous structure with a rigid wall (Figure 3.1b,c),
the construction cost is higher due to the addition of the seawall. However, the major
advantage of the seawall is the full-wave reflection in the case of a higher wavelength.
But in the case of the porous structure without a seawall, there will be a considerable
wave transmission for higher wavelengths. Finally, if d/ A >1, then the finite structure

with/without wall can be treated as a semi-infinite structure, but the major disadvantage
of the semi-infinite structure is high capital cost due to the larger structural width. In
those situations, the resonating troughs and critical angle plays a vital role in wave
scattering/trapping in the design of offshore/near-shore barrier-rock porous structures.
Hence, the structural configuration with/without a rigid wall solely depends upon the

site condition.

3.5 CLOSURE

The oblique wave transformation due to the presence of four types of barrier-rock
porous structures are examined using the eigenfunction expansion method and the study

outcomes are summarised below:

e The results for K, and K, agrees well with available numerical/analytical
results.

e The analytical relations for K, and K, is derived for four-types of barrier-rock
porous structures placed on uniform/step-bottom.

e The 90% of wave energy damping is achieved for dimensionless wave number
7oh =15 and y,h =2 within 0°<@<60° due to barrier-rock porous
structure.

e The barrier-rock porous structure placed on a rigid step within 0.8 <h, /h, <0.9
is suitable for effective wave damping.

e The resonating troughs are evident in the design of barrier-rock porous structure

placed far away from the rigid wall within 0.1<d/h <5. Thereafter, almost
uniformvalues in K,, K, K, and K, are observed within 5<d/h <10 for

all the combinations of trapping chamber length L/h,.
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Almost zero values of K, is achieved for d/h =2 and ¢, =0.6, which is

suitable for the design of barrier-rock porous structure backed by the wall for
better wave decay.

The moderate values of &, =0.6 is suitable to construct the barrier-rock semi-
infinite structure for effective wave decay.

The finite structure with/without seawall behaves as a semi-infinite barrier-rock
porous structure as the ratio of barrier-rock porous structure width and incident

wavelength reaches to unity/higher (i.e d/ A >1).
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CHAPTER 4

WAVE DAMPING BY MULTIPLE HORIZONTALLY
STRATIFIED POROUS STRUCTURES

41  GENERAL INTRODUCTION

In order to create the tranquil wave climate in the harbors and ports, the rigid
breakwaters having different structural configurations are preferred due to the
significant increase in the developmental activities along the coastline. The rigid
breakwaters usually collapse due to the extreme wave impact and cause huge damage
(Behera and Sahoo, 2014) in the coastal regions. So, based on the studies conducted in
the recent decades, the researchers suggested various concepts in constructing the
breakwaters, which are permeable in nature and allows the wave motion through the
structure (Sollitt and Cross, 1972; Madsen, 1983) which enhances the energy damping
and reduces the wave impact on seaward and leeward interfaces of breakwaters. Hence,
the porous structures are developed and treated as unique solutions to decay the
unwanted wave oscillations. Usually, the breakwaters consist of pore spaces for fluid
flow and are being implemented in different physical configurations, such as, vertical
(Gudong sea dike, China), trapezoidal, semi-trapezoidal (Bengre, Mangalore, India),
rectangular (Zhuangxi sea dike, China), quarter circular and semi-circular structures

(Weihai city, China), which are having the finite thickness in nature.

In recent years, the studies on the multi-layered concept in a single porous structure are
a subject of great interest due to its wave absorbing performance in the nearshore
regions. Numerous studies have investigated the significance of stratified/ multi-
layered concepts in a single porous structure considering vertical stratification (Twu
and Chieu, 2000; Twu et al, 2002) and horizontal stratification (Yu and Chwang, 1994;
Liu et al., 2007) to enhance the energy dissipation. Very recently, the multi-layer
horizontal plate breakwater (Wang et al., 2006; Fang et al., 2018) is also suggested for

optimal wave damping. Therefore, the detailed research on the horizontal stratified
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porous structures in series is required for the optimal design and construction of the
novel breakwater configuration for practical engineering applications.

In the present study, the wave reflection, transmission and energy damping due to single
and multiple porous structures are examined considering different horizontal porosities.
Initially, the wave damping by multiple porous structures having two horizontal porous
layers is examined in the presence of free spacing. Further, the study is extended for
three-layered horizontal porous structures. In the case of the three-layered horizontal
porous structures, the bottom layer is considered to be impermeable throughout the
study. Hence, the bottom layer can replace the natural seabed variation and also it can
be regarded as an artificial impermeable layer. After that, the submerged two-layered
porous structure is investigated considering free surface wave motion. The dispersion
relation is solved for the two-layer fully-extended and submerged porous structure. The
effect of multiple porosities, porous layer depth, angle of contact, bottom layer height,
the free spacing between the multiple structures, structural width, number of structures
and dimensionless wave number on scattering coefficients, such as wave reflection,
transmission and wave damping are presented. The number of porous structures is
limited for five and a comparative study is made between the single and multiple porous
structures. Finally, the wave transformation is reported for single and two submerged

two-layered porous structures for fixed and variable structural width.
4.2 THEORETICAL FORMULATION

The oblique wave damping by multiple fully-extended and submerged porous
structures placed in the water of finite depth is investigated using linearized wave
theory. The porous structure is composed of multiple horizontal porous layers. A
number of two-layers, three-layers and submerged two-layer porous structure in series
is examined using the eigenfunction expansion method. The 3D coordinate system is
considered for the theoretical analysis of multiple porous structures of variable

horizontal porosity with positive y —axis in the vertical direction, x and z—axis in the
horizontal direction. The multiple porous structures of a finite number 2N are located

at X= —bj for j=1,2,3,...,2N. The free spacing W/ h, is provided between consecutive

porous structures for the fluid resonance and wave blocking. The fluid field is separated
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into multiple free surface regions and multiple porous structure regions of finite width

and depth 0<y<h, for j=1,2,..,2N +1. The whole fluid domain is considered to
occupy the regions U3Y™I; considering seaward open water region
I, =(-b <x<w, 0<y<h), multiple free spacing regions and porous structure
regions of finite width and depth I, =(-b, <x<-b, ;,, 0<y<h,) for j=23,..,2N
along with the leeward open water region 1, ,, =(-0<x<-b,,, 0<y<h, ;) asin

Figure 4.1.

» X

Fresurface Three layer structure Incident % z
\‘ 0 5

Pan+1

x=-bon X=-bon. 0 ___ x=-h, X=-b;

Figure 4.1: Schematic diagram for multiple fully-extended porous structures.

In the present investigation, the fluid is assumed as ideal fluid, which is treated as
inviscid, motion is irrotational, incompressible and simple harmonic in nature of

angular frequency . The velocity potentials ®(x,y,z,t) and surface deflection
- (x,z,t) presents the wave motion in multiple free surface and porous structures
regions and, the velocity potential along with the surface deflection is given in the form
of d(x,y,z,t)= Re{¢j (X, y)ei('z’“")} and ¢(x,z,t)= Re{nj (x)e‘('z’”’”} in which Re
is the real part, | = y,,sin@ is wave number in z—direction. The y,, (7, =27/2) is
wave number in y —direction and ¢ is the angle of contact on the seaward porous
structure at X=-Db,. The velocity potentials ¢, for j=12,..,2N +1 satisfies the

governing Helmholtz equation given by
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O’4;(x,Y) s O°g;(x,y)
x> ayz

The velocity potential in the free water and porous structure regions satisfies the mean

—1%¢,(x,y) =0, 0<y<h, (4.1)

free-surface condition given by

WH“@](X, y)=0 on y=0, (4.2a)

(S, +if,)

where T'; = for j=2,4,...,2N, inthe case of two-layered and three-layered

2
porous structures, T'; = 2 for j=13,...,2N +1, inthe case of free water regions and
g

T, =%2 for j=1,2,..,2N +1, in each of the region in the case of submerged two-

layered porous structures.

The seabed is assumed to be impermeable, the zero-flow near sea bottom in each of the

open water and porous structure regions j=1,2,...,2N +1 is given by
w =0 on Y= hj.

The porous structure is composed of two porous layers and three porous layers.

(4.2b)

However, in the case of a three-layered porous structure, the third layer, which is near
to the seabed is assumed to be impermeable (¢, =0, f, =0) and kept fixed throughout
the study. Hence there exists a flow within the multiple porous layers (j=2,4,...,2N)

in the vertical direction (Losada et al., 1996; Liu et al., 2007), which is defined as

(S,+if,) ¢! (x,y)=(S, +if,)4' (x,y) on y=a, (4.33)
gla¢j;;<,y)=gza¢j(§yx,y) on  y=a.  (43b)

The two-layered, three-layered and submerged two-layered porous structures are
assumed to be of finite width placed at finite water depth, which obstructs the free wave
motion (continuity of pressure and velocity). To model the continuity of pressure and
velocity due to the existence of two/three-layered porous structures, the relation is given

in the form
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)0 (x
4. (%)= (Sl+|.l)¢,+1(xy) on x=-b, j=13..,2N+1 (449
J (SZ+If2)¢j”+l(le)

a¢jl+l(x! y)
o, (x.y) |&
Gh\NY) _ O on x=-b, j=13..2N+1  (4.4b)
ox _ 091 (x)
N
¢j+l(x,y = (Sl+i_fl)¢jlu(x’y) on X=—bj, j=2,4,...2N, (4.59)
(S, +if,) ¢ (x.y)
. : o4 (%.Y)
M: OX on x=-b, j=24,..2N, (4.5b)
ox 08! (x,y)
6'2—
OX

where b, for j=12,..,2N +1 are interface points between each of the free surface
and porous structures, ¢, and &, are surface and bottom layer porosity, f, and f, are
surface and bottom layer friction factors, S, and S, are surface and bottom layer inertia
coefficients. In the case of a submerged two-layered porous structure, the & =1 and

f, =0 due to the absence of a surface porous layer, which is treated as a free surface

region. The inertia offered by each of the surface and bottom porous layer is computed

using the relations (Sollitt and Cross, 1972) given by

1-¢
S]:1+[ ']An, on j=12, (4.6)

&

where A is added mass coefficient in surface and bottom porous layers. The far-field

radiation conditions are given by
(Ime—ikmx + Rloeiklox) flo (y) as X —> oo,

¢ (x)= ( (4.7)

=Ko 410X
T(2N+1)0e o )f(2N+1)0(y) as X— -,

where 1,5, Ry, and T,,.,, are the complex amplitudes of the incident, reflected and

2N+1)

transmitted gravity waves. The wavenumber y;, for j=1, 3,...,(2N +l) in the free

surface region and the wavenumber y;, for j=2,4,..,2N in the two/three-layered
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(impermeable third layer) porous structure region satisfies the dispersion relations
given by

o = g7, tanh y;5h (4.8a)

j!

(S, +if,) 0" —gy;o tanhy o, = B, [ (S, +if,)” tanh y;oh; — gy, |, (4.8b)

S, +if S, +if
where P, {[1—82(11)} tanh yzoaz} / {1—8?-(11)tanh2 Y, |. In the case

£,(S, +if,) £,(S, +if,)

of two-layered submerged porous structure (bottom rigid layer and submerged porous
layer), the surface layer behaves as open water region by considering the surface

porosity & =1 and friction factor f, =0. The dispersion relation for the submerged

two-layer porous structure region (submerged porous layer placed on the elevated rigid
layer) is given by
o - gy tanh yoh; = B[ @ tanh y;0h; — gy |, (4.8¢)

£ & .
where P =||1-—22_ [tanhy,.a 1-—22_ _tanh®y,.a, |, which is similar
n l:[ (Sz+if2)j V20 {l/{ (Sz+if2) V20 2}

as in Losada et al. (1996) and Koley et al. (2015). In the case of the three-layered porous

structure, the bottom layer is assumed as impermeable and the zero-flow near the rigid

layer (hHSyshj) for j=13,..,(2N+1) and (hijsh.+1) for j=2,4,..,2N

J
satisfies the condition given by

M:o on x=-b;. (4.9)
OX

43 METHOD OF SOLUTION

In the present section, the solution approach for two-layered, three-layered and
submerged two-layered multiple porous structures is presented using the matched
eigenfunction expansion method. It is cumbersome to present the full solution for each
of the cases when the number of structures is increased. But, in the present section, the
solution approach is presented using a closed-form solution. In addition, the system of
equations is reported for a single two-layered porous structure, single three-layer porous
structure and submerged two-layer porous structures using the closed-form solution

based on the edge conditions.
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4.3.1 Multiple porous structures

The multiple porous structures considering horizontal variable porosity are investigated
using the eigenfunction expansion method under the assumption of linearized water
wave theory. The porous structures are assumed to be occupied finite width and placed
in depth. Thus, there exist the velocity potentials in each of the regions, and the velocity

potentials in seaward and leeward open water regions are given by

¢1(X, y) {| e —ikyg (x+by) i Rl elklo x+by) } flo(y)+Z{Rlnefrqn(x+b1)}fln(y)’
for —b, <x<o, 0<y<h,

(4.10a)

ka0 (X+Dan ) K(2nsan (¥+Don)
¢2N+1(X’y):{T(2N+l)0e o } 2N+10(y)+2{ 2N+1)n ’ }f(2N+1)n(y)’

for —co<x<-h,,, 0<y< h(2N+1)'

(4.10b)

The velocity potentials in each of the free surface region available between two porous

structures regions are given by

< o ki (x+b;.4) ik (x+D;) }
x = +B. e f
y) ZO{ n€ () (4.100)

for —b,<x<-b;,,0<y<h;, j=35.,2N-1

The velocity potentials in each of the porous structures considering surface and bottom

porous layers are given by

X y =i{ o(x+by 4 Bjneikjn(x+bj)} fjln(y)

=0 (4.10d)
for -b,<x<-b;,,0<y<a, j=2,4,.,2N,
X y :Z{ Kin ><+b x+b } f I (y) (4 106)
n=0 .

for <-b,,,a,<y<h, j=24,..2N,

where R, and T, ,, are the amplitude of reflection and transmission coefficient, A,

and B;, for j=35,...,(2N —1)are unknowns in each of the open water regions, A,
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and B;, for j=2,4,..,2N are unknown constants in surface porous layer and bottom

porous layer regions, d =—(b,,, —b,) for j=1,3,...,(2N +1) is the width of the porous

j+l
structure j=2,4,...,2N is the free spacing between two consecutive porous structures.

The vertical eigenfunction for each of the free water region is given by

) (coshyjo(hj—y))/(cosh;/johj) for n=0
n\Y)= (cos;/jn(hj—y))/(cos;/jnhj) for n=1,2,...,
j=13,..,2N +1. The vertical eigenfunction in each of the surface porous layer

cosh y;, (h; —y) = P,sinhy;, (h; - y)
cosh y;,h, —P,sinhy, h

Yin :iyjn for n=1,2,... and

i=24,.2Nis fi(y)=

and the bottom porous
j j

(S, +if,)(1-P, tanhy,a, Jcoshy, (h; - y)
(S, +if,)(coshy;,h; —Rsinhy,hy )

layer is f; (y)=

i

The depth-dependent function for two-layered porous structure (Liu et al., 2007; Koley
et al., 2015; Das and Bora, 2014b) is given by

f 2y,.h. +sinh 2y, h
0 or min’and An:{ Yin"l Y in

ff - Ll (4.11a
< jn Jm>j=1,3 ..... (2N +1) {An for m = n. 47/jncosh27jnh } ( )

j

h

() e on =] TaO) )y = [ EL ) 0y + [ T AWy, (@10)
0 3

O )

The orthogonal mode-coupling relation for the three-layered porous structure is similar

as in Equation (4.11b) along with zero velocity condition to model the bottom rigid
layer (hj+1 <y< hj) for j=13,..,(2N+1) and (hj <y< hH) for j=2,4,..,2N

given by

09, (X,
M=0 on X=-h;. (4.11c)

OX
The velocity potentials as in Equation (4.10a-€) are substituted in the continuity of
pressure as in Equation (4.4a) and continuity of velocity as in Equation (4.4b) along

with orthogonal relation as in Equation (4.11a) given by

104



Chapter 4: Wave damping by multiple horizontally stratified porous structures

8, (% y)f {f | } (y)dy

:{(S1 + ifl)j¢('j+1) (x,¥)f;, (y)dy}+{(s2 + ifz)j¢('}+l) (X y)f;, (y)dy} (4.12)
0 a

for m=0,142,... and j=13,...,(2N-1),

<¢,- (xy), fjm(y)>=

O ey T

h;

(B (6 Y)s 0 (V) = [ 8, (%) F o (y)dly = {jﬂ } By (X, Y) T (¥)dy

0

—glj¢1+l (% y) (Y dy+gzj¢1+1 Y)fn(y)dy  (4.13)

Cl

for m=0,1,2,... and j=13,..,(2N-1),
The velocity potentials as in Equation (4.10a-e) are substituted in the continuity of
pressure as in Equation (4.5a) and continuity of velocity as in Equation (4.5b) along

with orthogonal relation as in Equation (4.11a) given by

hj

<¢i+1(x’ y), f(j+l)m(y)> I¢J+1(X y)fm {f JZ } Bi.a (% Y) frym (Y)Y

=(Sl+if1)f¢,-' (% Y)Fijm (V) dy +(S, +ifz)J¢,-“ (%) fjom (V) dy

El

form=0,1,2,.. and j=2,4,..2N,
(4.14)

<¢(J+1 (X y J+1 > ]¢1+1 ]+1 {T"'T } J+l j+l o (Y)dy

0

&

=& J.¢jX(X y)f (j+)m ( )dy+82J.¢JI>I< (X'y)f(i+l)m(y)dy

0 &y

form=0,1,2,... and j=2,4,..,2N.
(4.15)
In the case of two-layered porous structure h, =h, =a, +a,, similarly, in the case of
three-layered porous structure h =h,+a,. The system of linear equations as in

Equation (4.12) — (4.15) for two-layered porous structure, similarly, Equation (4.12) —

(4.15) along with no-flow condition as in Equation (4.11c) for the three-layer porous

structure is truncated for a finite number of M terms to obtain 4 j(M +1) equations to
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obtain the 4 j(M +1) unknown coefficients (where j=1,2,.... is the number of porous

structures). The reflection, transmission and damping coefficients (Yu and Chwang,
1994) are determined using the relations given by

LY

10

K _ T(2N+l)0

r

and K, , (4.16)

10

Ky =1-(KZ +K7). (4.17)

4.3.2 Fully extended two-layered porous structure

The closed-form solution as in Section 4.3.1 is used to perform wave motion through a
single porous structure considering horizontal variable porosity. The porous structure
consisting of two porosities and friction factors in the surface and bottom layers. The
two-layered porous structure of finite width placed in the water of finite depth is
examined. The velocity potentials in each of the regions are given by

B (%, y) = {1 0 + R W (y) + D R e B (y),
n=1
for —b, <x<ow, 0<y<h,

(4.18a)

o0

8 (%) Z{ g ianlih) L B glan “bz}fzr,(y) for —b, <x<-b, 0<y<a, (4.18b)

n=0

1 _ S —ikyp, (x+by) ikyn (X+by) 1]
2 (X’ y)_nz_o{AZne +ane } f2n(y) (4.18C)

for —b, <x<-b, a <y<a,,

g (x,y) = {Tyge ")} fso(y)"‘Z{T e (),

for —o<x<-b,, O<y<h,,

(4.18d)

where the vertical eigenfunctions in the seaward and leeward free water region are

coshy;, (h;—y)/coshy,h for n=0,

given inthe formof f, (y)= for j=1,3, the

cosy;, (h —y)/cosy,h for n=12,.,

cosh y,, (h2 - y) —P sinhy,, (h2 - y)
cosh y,,h, =P, sinhy, h,

surface porous layer f, (y)= , the bottom porous

(S, +if,)(1- P, tanh y,,a, )cosh y,, (h, — y)
(S, +if,)(cosh y,,h, — P, sinh 7,.h,)

layer f,!(y)= and a +a, =h,.
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The velocity potentials as in Equation (4.18a) — (4.18d) are substituted in the dynamic
pressure and velocity continuum as in Equation (4.4) — (4.5), and the orthogonal relation
is applied to form the system of equations given by

{Iloé‘nm + Rln}< fln(y)! flm(y)> =

n=0

it eue™ )[(81 )] 00 )y + (5. 1) [ 1) fm(y)dy} o

E

_ikln {Ilognm - Rln}( fln (y)’ flm(y)> =

0

, 4 % 4.19b
ik,, (AZn ~B,e " )l:glj Fon (V) fin (Y)dy + &, I Fon (V) fim (y)dYZI ( )

n=0

nz_;(AZne‘kzn" + Bm)l(sl +if,) j £ (Y) o (9) +(S, +if,) j fa(y) %(y)} 4.199

=T;, < f3n(y), fsm(Y»a

0

iK,, (Amefikz"d -B,, )l}l! fZIn (y) f3(y) + gzi fZIrI] (y) f;, (Y)] (4.19d)

n=0

= =ik, Ty (50 (1), £ (1)),

lform=n=0

d=-(b,-h), n=0,12,... and m=0,1,2,....
Oform=n=12,.., (b, =by), n and.m

where &, , :{

The system of linear equations as in Equation (4.19a) — (4.19d) are truncated upto a

finite term M, and the reflection and transmission coefficients due to single porous

structure considering horizontal two porous layers are determined using the relations

given by

Ry

IlO

K = and K =%

r

(4.20)

4.3.3 Fully extended three-layered porous structure

In the case of a single three-layered porous structure, the third bottom layer is assumed
to be impermeable and the velocity potentials are similar as in Equation (4.18a) -
(4.18d). Hence, the bottom rigid layer does not have the porosity and friction factor.
The additional wave reflection by each of the rigid bottom layer is modelled using

Equation (4.11c), and the system of equations is given by
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G+ Reo [ () Fun (Y + R [ £ () T ()Y =
’ e (4.21a)

n=0

(A + B ){(sl +if) [ 1) Dy + (S, +i8,) [ £1(9) f1m<y)dy}

hy
—ikyy { LG = Rin} [ F10 (¥) i (y)y =

(4.21b)
Z—ian(AZn—ane‘"‘z {el j fon(Y) flm(y)dy+szjf (y) flm(y)dy}
i( et ){ S, +if, ) Ion(y)fam(YH(S +if,) If (y)fsm(y)}
n=0 (4.21c)
:Tsoj. f2(Y) f30(y)dy+ZT3nI fon (Y) f5, (Y)dy,
> iy, (A~ B,,) [sl [0 b +a 1) f3m<y)}
=0 % (4.21d)

hy
= =ik, Tan [ 30 (V) F5n (V)0
0

lform=n=0

0form=n=12.. d=-(b,-b), n=0,12,.. and m=0,12,....

where o, ={
The system of linear equations as in Equation (4.21a) — (4.21d) is truncated upto a finite
term M, and the K, and K, due to a single porous structure consisting of three layers

(two porous layers along with rigid bottom layer) are determined using the relations as
in Equation (4.20).

4.3.4 Two-layered submerged porous structure

In the case of the submerged two-layered porous structure, the structure is composed of
two porous layers considering the rigid bottom layer and the middle porous layer. The
surface porous layer becomes transparent to the incident waves for unity value of

porosity & =1 and zero value of friction factor f, =0. Hence, the surface layer

becomes the open water region, and the velocity potentials in each of the regions are

given by
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’ =1 —ikyo (x+by) ikyo (X+by) f S —Kpp (X+by) f ’
(0 y) = Lo+ R (1) Ry, (9) 4228
for —b <x<ow, 0<y<h,
¢2| (X, y) _ nz_;‘{Azneian(mbl) + aneikzn(Xerz)} len (y) (422b)
for —b,<x<-b, 0<y<a,
1] — ~ —ikyp (X+b;) ik (x+by) 1
0 (x0) = 2 { A B £ () 4.220

for —b,<x<-b,a <y<a,,

3 (X’ y) = {Taoe_iKBO(X+b2)} fso (y)+ Zw: {TsneK3n(X+b2) } fsn (y),
n=1

for —o<x<-b,, 0<y<h,,

(4.22d)

where the vertical eigenfunctions in the seaward and leeward open water regions are
similar as in the Section 4.1.2, the eigenfunction in each of the surface layer region is

cosh y,, (h2 - y)— P sinhy,, (h2 - y)
cosh y,,h, =P, sinhy, h,

given in the form of f,. (y) = , the eigenfunction

(1-P, tanh y,,a,)cosh y,, (h, - y)
(S, +if,)(coshy,,h, =P, sinh y,.h, )

& &
and P, =|[1--—"2 [tanhy,,a 1-—"2 —tanh®y,.4, |.
H (82+|f2)j Va0 2}/{ (S, +if,) Vn%

On applying the mode-coupling relation and the edge conditions, the system of

in the bottom porous layer is of the form f,!' (y) =

equations is given by

(O R} [ B0 T+ SR [ £, 8, (1) =

. . . (4.23a)
(Ao + B ){ [ A Dy +(S, +if,) [ £0(3) fm(y>dy]
hy
_ikln { I105nm - Rln}J. fln (y) flm(y)dy =
’ (4.23b)

ik, ( Ay, — By ){ [ A0ty e, [ T, (y)dy]
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3 (A + Bm){ [ 100 Fan (94 (S, +i8,) [ £1(9) me(y>]

" a » a (4.23¢)
=Tq I f30 (¥) 5o (y)dy + ZTsn I f3n (¥) f5 (Y)Y,

i_ikzn (Azneiikmd -B,, ){f Fon (V) Fan () + & _f fon (¥) Fan (Y):l

e ° g (4.23d)

hs
= _ik3nT3n J. f3n (y) f3m (y)dy’
0

The system of linear equations as in Equation (4.23a) — (4.23d) is truncated upto a finite
term M, and the K, and K, due to single submerged structure placed on the rigid

bottom layer are determined using the relations as in Equation (4.20).

4.3.5 Solution approach for finding the roots of dispersion relation

In general, the root-finding process for a two-layered porous structure is complicated
due to the presence of imaginary values. The dispersion relation for each of the fully-

extended two-layered porous structure j=0,1,2,.... is given by

(S,+if,)@* — gy,  tanhy by = P,[(S, +if,)* tanh v, h, — g7, |, forn=0,1,2,...

S, +if S, +if
where Pn — 1_M tanh 7/jna2 1_82(1+_I1)tanh27/jna2 .
&, (S, +if,) & ,(S, +if,)

In addition, the dispersion relation for the fully-extended two-layered porous structure

(4.243)

is simplified in the following form given by

(S,+if,)A=Ytanh BY = o[ Y (S, +if, ) Atanh BY Jtanh &Y, (4.24b)

Zh_ -
where A =2 L ,B:i a=2a Y=y,h (D—M In the case of the

g h,’ h; T e (S, +if,)

single-layered porous structure, the ¢, =¢,=¢, §,=S,=S and f =f,=f. Hence,

the two-layered porous structure dispersion relation reduces to the complex single-

layered porous structure dispersion relation given by

o’ (S+if ) =gy, tanh y, h (4.24¢)

i

110



Chapter 4: Wave damping by multiple horizontally stratified porous structures

On considering the surface layer porosity & =1 and friction factor f, =0 in Equation

(4.24a), the two-layered fully-extended porous structure dispersion relation reduces to
submerged two-layered porous structure dispersion relation as in Equation (4.8c). In
the previous studies, numerous scientists and engineers reported various methods such
as Newton-Raphson method, step approach and contour plots (Sollitt and Cross, 1972;
Dalrymple et al., 1991; Yu and Chwang, 1994; Mendez and Losada, 2004; Liu et al.,
2007; Behera and Sahoo, 2014; Zhao et al., 2017) for finding multiple roots of the

complex dispersion relation.

Table. 4.1: Roots of the two-layered (&, =0.8, f, =0.4) and submerged two-layered (
& =1, f, =0) dispersion relation considering &, /h, =0.5, a,/h,=0.5, a,/h =0.2,
g =05 f,=1 S =S,=1 #=20"and h/1=0.1.

Twolthree-layered porous The submerged two-layered

Evanescent structure porous structure

waves Root Error Root Error

M=0 0.0810 + 0.0221i | 3.4792*10" | 0.0854 + 0.0078i | 1.8440*10"'
M=1 0.0041 + 0.7781i | 8.0531*10% | 0.0018 + 0.7767i | 1.7743*10°
M=2 0.0020 + 1.5672i | 5.5612*10*> | 0.0009 + 1.5665i | 4.9881*10*°
M=3 0.0014 + 2.3538i | 1.1422*10* | 0.0006 + 2.3533i | 3.2745*10°
M=4 0.0010 + 3.1398i | 5.7771*10"° | 0.0004 + 3.1394i | 2.0345*10*
M=5 0.0008 + 3.9255i | 2.1287*10* | 0.0003 + 3.9253i | 2.5881*10*
M=6 0.0007 + 4.7112i | 9.2078*10* | 0.0003 + 4.7110i | 5.1238*10
M=7 0.0006 + 5.4968i | 3.4792*10*'" | 0.0002 + 5.4966i | 1.7347*10"7

In the present study, the Newton-Raphson method is used for finding the roots of the
two-layered porous structure dispersion relation and the step approach technique as in
Mendez and Losada (2004) is used for finding the initial values for fast convergence.
The multiple roots of the dispersion relation for a two-layered fully-extended and the

submerged porous structure are given in Table 4.1.

4.4 RESULTS AND DISCUSSION

The reflection coefficient K,, transmission coefficient K, and energy dissipation

coefficient K, versus evanescent wave modes M are presented in Figure 4.2(a) for
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single and multiple porous structures considering variable porosity. The increase in the
evanescent wave modes M shows the almost uniform estimation in K,, K, and K,
for one, two, three, four and five number of porous structures considering horizontal
variable porosity. The convergence in K,, K, and K, isobserved for M >7 for single
and multiple porous structures upto 4 decimal places. In the present case, the M =0
shows the wave motion through the multiple structures in the absence of evanescent
waves or plane-wave assumption. However, the variation between the plane-wave
assumption and full solution (considering evanescent waves) is minimum for a single
porous structure considering variable porosity. An increasing trend in the K., is
observed between the plane-wave assumption and full solution in the presence of
multiple porous structures as compared with the single porous structure. However, the
evanescent wave modes are truncated for a finite number M =7 and kept fixed

throughout the study, due to the convergence of scattering coefficients.

1.0 1.0

* KandK from Liu and Li (2013)
. K, N —— K ——Ky,,h, =0.15 - Long-wave approximation
084 — 0.8 —— K ——Kv,,h, =1.0 - Full solution

N 5, =¢,=045,f =1,=10,5 =s,=1.0.
K—s—K-—«-K—+=N=1K—+—K-—>—K N=2
064 K—+—K—+—K—x-N=3K—7—K—+—K-—x—N=4, 0.6
K—+—K-*—K--—N=5
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Figure 4.2: (a) Convergence study of wave transformation for different evanescent
wave modes and (b) validation of present study results with Liu and Li (2013) for long-

wave approximation and full solution.

In order to confirm the present study analytical results, the computation results are

validated with the previous analytical results presented by Liu and Li (2013) in Figure
4.2(b) on considering uniform porosity &, = ¢, and friction factor f, = f, in each of the

porous layer, which converts the multi-layered porous structure into conventional
porous breakwater of uniform porosity. The wave reflection and transmission (Figure
4.2b) due to the single porous structure is investigated for long-wave assumption and
full solution and also compared with Liu and Li (2013). The comparative study shows
a considerable agreement between the present study and previous study results. Hence,

the present study is extended for single and multiple porous structures considering
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variable horizontal porosity and friction factor. The structural width is denoted as d,

N
for j=1,2,..,N and the cumulative structural width d is denoted as d :Zdj
j=1

throughout the study.

4.4.1 Two-layered fully extended multiple porous structures

The reflection coefficient K,, transmission coefficient K, and energy dissipation
coefficient K, are studied for various influencing parameters. The water depth is
denoted as h;, the depth of fully extended porous structure is denoted as h,, surface
porous layer depth is denoted as a,, bottom porous layer depth is denoted as a, and in
the case of two-layered fully-extended multiple structures h, =h, =a, +a,. The depth of
the fully extended structure is kept fixed (h, =a,+a,) and as the surface porous layer
depth increases, the bottom porous depth decreases.

4.4.1.1 Single porous structure

The K, (Figure 4.3a), K, and K, (Figure 4.3b) versus dimensionless cumulative
structural width d /h, are presented for variable surface porous layer depth &, / h, and
bottom porous layer depth a, /h, considering a single porous structure. The increase
in d/h, shows a rapid increase in K, and attains a peak value, which is termed as the
resonating crest and rapidly decreases and again attains a uniform value of K, for all
the combinations of surface layer depth within 0.2<4a, /h, <0.8. The increase in the
surface porous layer depth shows a considerable decrease in K, and a slight increase
in K, is obtained within 2<d/h <10 which causes significant changes in the K,

within 1<d/h <5. The main reason behind the change in energy damping with an

increase in the surface layer depth is due to the presence of high porosity in the surface
layer. The increase in surface layer depth shows an increase in surface layer porosity,
which allows more wave energy to penetrate easily through the structure and

encourages the oblique wave interaction with a two-layered structure, which causes

high energy dissipation. However, the & /h ,=0.8 shows the minimal estimation in
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K., moderate values in K, and significant change in K, within 2<d/h <6 as

compared with other combinations in the presence of a single porous structure.
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Figure 4.3: Variation of (a) K,, (b) K, and K, versus d/h, due to a single structure
for variable a /h, and a,/h, composed of double porous layers considering
h /A=0.1 and @ =20"
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Figure 4.4: Variation of (a) K,,(b) K, and K, versus d/h, due to a single structure
for variable ¢ and f, composed of double porous layers considering h,/4=0.1 and
6 =20°

The K, (Figure 4.4a), K, and K, (Figure 4.4b) versus dimensionless cumulative

structural width d /h, are presented for variable surface layer porosity & and friction

factor f, considering constant values of a,/h, and a,/h, inthe presence of a single
porous structure. The hydrodynamic characteristics trend remains the same as in Figure
4.3(a,b), but there exist a resonating peak and trough in the K, at d /h =2 for all the
combinations of variable porosity and friction factor. The resonating peak is observed
to be high for ¢ =0.6, f =0.8 whereas 10.5% for ¢ =0.7, f =0.6; 21.2% for
g =028, f =0.4 and 31.9% for ¢, =0.9, f, =0.2 the reduction in K, is observed as

compared with the high resonating peak observed for & =0.6 and f =0.8 at
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d /h ;=2 due to the change in the surface layer porosity and friction factor. Similarly,
the increase in ¢, shows a considerable increase in K, and considerable reduction in
K, . Particularly, it is observed that the surface layer porosity ¢ =0.9 shows minimal
values of K., higher values of K, and minimum wave damping as compared with the
other combinations due to the minimum friction factor f, =0.2. The performance of

the structural configuration & =0.9 and f, =0.2 can be improved by increasing the

friction factor, which can enhance the energy damping. However, it is proved that the
minimum friction factor shows the minimal values of energy damping in an oscillatory
manner and higher friction factor shows the higher estimation in wave reflection, but
the main aim for the use of the porous structure is to have optimal wave damping for

gentle wave action on leeward regions (Twu and Chieu, 2000; Zhu and Chwang, 2001).

4.4.1.2 Two porous structures

The K, and K, versus angle of contact ¢ are presented for variable surface layer
porosity ¢, and friction factor f, considering the dimensionless cumulative structural
width d /h =1 (Figure 4.5a) and d /h, =2 (Figure 4.5b) in the presence of two porous
structures. The increase in surface layer porosity shows a significant decrease in K,
and a considerable increase in the K, within 0° <@ <66° as in Figure 4.5(a). However,

minimal K, is noted for all the combinations of porosity and friction factor at & = 64°
due to interaction between the reflected waves by porous structure and oblique

incoming waves at the seaward interface of the primary structure. The 8 =64° is termed

as the critical angle of contact, which is mandatory to identify in the design of offshore
porous breakwaters. Thereafter, a sharp surge in K, is observed and K, reaches to the
unity for @ =90°. Similarly, a sudden fall in the K, is obtained and approaches to zero
at @ =90° But, @=90° is not suitable for the construction of two porous structures
due to the minimum values in energy damping. It is reported that the porous structure
must perform minimal estimation in K, and K, along with high values in K, for a

better life span (Twu and Chieu 2000). On the other hand, in Figure 4.5(b), the width

of the structure is considered to be two times as compared with the previous case
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(Figure 4.5a) to study the variation of hydrodynamic characteristics considering

variable porosity. The K, and K, pattern remains the same as in Figure 4.5(a) and the
critical angle is observed at @ = 64°. However, a little increase in the K, and decrease

inthe K, is noted for d / h, =2 (Figure 4.5b) as compared with d /h =1 (Figure 4.5a)

which may be due to the resonating crest as explained in Figure 4.3(a). Further, the

increase in d / h, is observed to enhance the energy damping due to the larger structural
width.

The wave reflection K, and wave transmission coefficient K, versus free spacing
between two wave energy damping structures w/ h, are presented for variable surface
layer depth a, /h, and bottom layer depth a,/h, considering the different angle of
contact 8 =0° (Figure 4.6a) and & =30° (Figure 4.6b) in the presence of two horizontal
porous layers. The increase in free spacing w/h, shows the local minima and local
maxima at particular intervals as in Figure 4.6(a) due to the fluid resonance. The local
maxima and local minima in K, and K, vanishes with the increase in the surface porous
layer depth due to free passages of incident waves as a result of higher porosity in
surface layer &, =0.8. As a comparison with local maxima in the K, for a /h, =0.2,

the 11.6% for a, /h,=0.4, 27.7% for a /h,=0.6 and 44% for a /h,=0.8 the

reduction in K, is obtained at each of the resonating peak/local maxima for two porous

structures considering variable porosity.

Onthe other hand, the K, and K, versus free spacing w/ h, are analysed for the oblique

wave contact @ =30° (Figure 4.6b) considering two porous structures and a similar

trend is obtained in K, and K, as observed in the earlier case (Figure 4.6a). The only

difference between the normal wave contact @=0° (Figure 4.6a) and oblique wave
contact @=30° (Figure 4.6b) on the hydrodynamic characteristics is the occurrences
of the local minima and local maxima for the variable w/h, which is due to the
enhancement in the wave damping. As a comparison, a number of four resonating peaks
for normal wave contact §=0° (Figure 4.6a) and three resonating peaks for oblique

wave contact @ =30° (Figure 4.6b) is observed in the K,, and also 16.3% reduction in
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the K, is noted for oblique wave contact (Figure 4.6b) at each of the resonating peak
as compared with the normal wave contact (Figure 4.6a). The increase in a, / h, shows
the considerable rise in K, for normal wave contact (Figure 4.6a) and oblique wave

contact (Figure 4.6b) due to the increase in the structural porosity, which is helpful for

the enhancement of the wave damping and also reduces the wave oscillations.
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Figure 4.5: Variation of K, and K, versus ¢ due to two structures for variable ¢ and
f, composed of double porous layers for h /A=0.1, w/h =5, considering (a)
d/h=1and (b)d/h =2
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Figure 4.6: Variation of K, and K, versus w/h, due to two structures for variable

a, /' h, composed of double porous layers considering h /A=0.1 (a) §=0° and (b)
0 =30°.

The K, (Figure 4.7a), K, and K, (Figure 4.7b) versus w/h are presented for the
variable angle of contact # in the presence of two porous structures. The reduction in
the h /1 =0.2 shows more resonating crests and resonating troughs in the K, due to
the combined effect of wave blocking in the free spacing w/h, for particular intervals

(occurrence of local maxima), and high wave penetration of incident waves for specific
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intervals (occurrence of local minima) of w/h, is achieved. The increase in the w/h
shows the moderate estimation in K, for #=0° and the increase in ¢ shows the
reduction in K, in oscillating pattern within 0° <@ <30°. Thenceforth, for 6 =45°
shows a significant reduction in the K, as compared with @ =30°, whereas the 6 = 60°
presents the very minimal theoretical estimation in K, as compared with all other
combinations. But the K, is observed to be decreasing and K, is observed varying in

the particular range for all the values of angle of contact within 0° <@ <60° in
oscillatory pattern. The angle of contact € =60° illustrates very minimal values in K,
and K, along with reasonable values in K, as compared with the other combinations
due to the formation of standing oblique waves at that particular point of wave
impinging. The study suggests that the angle of contact & =60° can perform required
scattering coefficients in the presence of a pair of two-layered porous structures

considering the minimal structural thickness. However, the finite free spacing w/h,
and structural width d/h, are useful in enhancing the energy damping and the zero

transmission coefficient can be achieved with either increase in the d /h, or increase in

the number of porous structures.
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Figure 4.7: Variation of (a) K, (b) K, and K, versus w/h, due to two structures for

variable a, /' h, composed of two porous layers considering h,/4=0.2 and d /h =2.

4.4.1.3 Three porous structures

The K, (Figure 4.8a), K, and K, (Figure 4.8b) versus dimensionless free spacing
w/h, are presented for variable surface layer porosity ¢, and friction factor f, for

three porous structures. The dimensionless cumulative structural width d/h, is
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correlated with the finite free spacing w/h,, where the change in w/h, shows change
in d/h, and d =0.5w. The oscillating phenomenon is observed in K, K, and K,
for all the combinations of structural porosity within 0.6 <& <0.9 and friction factor

0.2< f,<0.8. The K, reaches to highest value and then shows uniform estimation for

all combinations of porosity. As discussed in the above section (Figure 4.7), the change

in the free spacing shows the resonating crests and troughs, but eventually, the

resonating phenomenon is limited within 0.1<w/h <12, thereafter almost uniform
values in the K, (Figure 4.8a), almost zero transmission K, and full energy damping

K, (Figure 4.8b) are obtained within 12<w/h <30 for all the combinations of

porosity and friction factor due to increase in structural width, which is correlated with

free spacing. However, change in surface layer porosity and friction factor shows a

significant decrease in K, and K,, and a considerable surge in K,. But, the
performance of three porous structures for & =0.8 and f, =0.4 shows considerable

values in K, K, and K, as compared with other combinations.
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Figure 4.8: Variation of (a) K, (b) K, and K, versus w/h, due to three structures for
variable ¢, and f, composed of two porous layers considering h, /2 =0.2 and & =30

The minimal K, zero K, and 98% of K, are achieved in the case of & =0.8 and

f, =0.4 within 12<w/h <30. However, the impedance of the bottom porous layer is
evident in the trapping of waves within the free spacing available between the multiple
structures, but in the present case the &, =0.5 and f, =1 is kept fixed for simplicity.
The structural configuration &, =0.9 and f, =0.2 shows high oscillation as compared

with the other combinations due to the minimal friction factor, which shows minimal
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wave damping. Hence, the three porous structures having & =0.8 and f, =0.4 are

suitable for better hydraulic performance.
4.4.1.4 Four porous structures

The wave reflection K, (Figure 4.9a) and transmission K, (Figure 4.9b) versus
dimensionless free spacing w/h, are presented for variable surface layer depth &, /h,

for four porous structures. The primary resonating peaks are obtained in the K, in
periodic intervals and also the secondary resonating peaks are noticed within the

primary resonating peaks due to the fluid oscillations in the free spacing w/h,. The
increase in @,/ h, reduces the impact of resonating crests and resonating troughs in the
K, and K,. The high resonating peak is observed for a,/h, =0.2 whereas 8% for
a,/h,=04, 21% for a,/h,=0.6, 37% for a /h,=0.8 the decrease in K, is
obtained as compared with the &, /h, =0.2. The K, is observed to be varying near to
unity for all the combinations of a /h, due to the minimal structural width d; /h, =0.5
for j=1,2,3,4 and higher h / 1 =0.1. Present study considered the minimal structural
width d; /h =0.5 to examine the effect of the multiple free spacing on the hydraulic
characteristics. The higher structural width d /h, can perform minor values in the K,

and it can enhance the wave damping K, which can be suitable for the practical
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Figure 4.9: Variation of (a) K, and (b) K, versus w/h, due to four porous structures
for variable a, /h, composed of double porous layers considering h /4A=0.1 and
6 =20°
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4.4.1.5 Comparative study between the multiple porous structures

In order to show the effect of free spacing on hydrodynamic characteristics, such as K,

(Figure 4.10a), K, and K, (Figure 4.10b) versus y,,d are presented for single and

multiple porous structures. The width of the single porous structure is equally divided
into two, three, four and five structures considering variable horizontal porosity. The
hydrodynamic characteristics due to the presence of two, three, four and five structures
are compared with a single porous structure for fixed structural width. Hence the

cumulative structural width is identical in each case, and multiple free spacing impact

on wave transformation can be revealed. The mono resonating peak and trough in K,

is observed for N =1 but a forward shift in K, in the form of resonating peaks and

troughs is noticed for multiple structures. However, each of the resonating peaks due to
multiple structures shows high values as compared with a single structure. Similarly,
the resonating troughs are observed to be minimum for multiple porous structures as

compared with the single porous structure due to the wave blocking in the free spacing.

The variation in the K, and K, (Figure 4.10b) is minimal within the 1<y,,d <10 and

thereafter a uniform estimation in K, and K is achieved for single and multiple porous

structures. However, the multiple porous structures are evident at each of the resonating
troughs in reducing the wave impact on structure and performance characteristics of the
porous structures can be improved by finding the optimum free spacing provided
between the multiple porous structures, which is discussed in detail in Figure 4.6 and
Figure 4.7.
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Figure 4.10: Variation of (a) K, (b) K, and K, due to single and multiple structures

composed of double porous layers considering h, /2 =0.1 and § =15".
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4.4.2 Three-layered fully extended multiple porous structures

In the present section, a three-layered porous structure is analysed under the assumption
of linearized wave theory. The three-layered structure is assumed to be composed of
surface porous layer, middle porous layer and bottom rigid layer. In Section 4.4.1, the

porous structure depth is divided into two porous layers h, =a, +a,, and in the present
case, the three-layer structure is examined. But the total structural depth (two porous
layers and one rigid bottom layer) is kept fixed givenas h, =h, +a, or h, =a, +a, +a,
However, the h, /h, or a,/h show the rigid layer depth and a,/h, is used throughout
the study.

4.4.2.1 Single porous structure

The K, (Figure 4.11a), K, and K, (Figure 4.11b) versus dimensionless structural
width d/h, are presented for variable bottom rigid layer height a,/h for a single

porous structure. The K, is observed to reach a peak value and attains a uniform
estimation which is observed to be similar to the previous cases as in Section 4.4.1. The

increase in a,/h means reduction in surface porous layer a /h, and middle porous
layer a, /h, due to fixed structural depth h =a, +a, +a,. The variation in K, is evident
within 0<a, /h <2 thereafter, a minimal gain in K, is observed for higher values of
a,/h. Almost uniform values in K, is observed for all the combinations of a,/h
within 6 <d /h <10 may be due to the increase in the d /h, as compared to incident
wavelength (Dalrymple et al., 1991). The increase in d/h, illustrates the effective
decrease in K, monotonously. But, the increase in a,/h, shows the minor impact on
K, due to wave blocking at the seaward interface. Further, K, is observed to be
decreasing for the surge in the third layer a,/h, and minor variation in K is noted
within 0.1<d/h, <4 and the deviation becomes larger in K, within 4<d/h <10.
The major reason is, increase in a,/h, shows the reductionin & /h, and a, /h, due to

fixed structural depth, which means that the increase in a,/h, causes a significant

reduction in porous structure depth which causes the minimal wave transport through
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the structures and some quantity of wave amplitude is observed to be attenuated by the
rigid layer due to the constructive seaward interferences. However, the present study
suggests that the minimal bottom rigid layer height is suitable to achieve the required
energy damping, as the significance of porous structure is to dissipate the incoming

oblique waves.
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Figure 4.11: Variation of (a) K, (b) K, and K, versus d /h, due to a single structure
for variable a,/h, composed of triple layers considering h /2=0.1 and @ = 20°.

On the other hand, the significance of the angle contact ¢ on the wave transformation
is analysed for variable bottom layer height in Figure 4.12(a,b). The increase in the

bottom rigid layer shows a considerable variation in wave transformation. The pattern

of K, (Figure 4.12a) is observed to be similar for all the combinations of a, /h, but a
gradual increase in K, is observed, and also the critical angle is noted within
64° <@ <75° which is evident in the design of the angle of contact with a single
porous structure composed of three layers. The K, (Figure 4.12b) is observed to be
decreasing with increase in the bottom rigid layer height a,/h within 0° <@ <60°.
Thenceforth, almost uniform estimation in K, is obtained within 60° <@ <90° for all
the combinations of a, / h,. The present case suggests that the rigid bottom layer plays

a vital role in the case of normal wave contact @ =0° but, the occurrence of standing

waves (where minimal K, occurs) can dominate the entire wave transformation, and
this results in considerable outcomes from the structure. The K, reaches to unity and
K, reaches to zero for =90°, which is not suitable for practical application due to

the zero-energy damping by the structure.
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Figure 4.12: Variation of (a) K, and (b) K, versus ¢ due to single structure for variable

a, /h, and a, /h, composed of triple layers considering h,/4=0.1 and d / h =4.

4.4.2.2 Two porous structures

The wave reflection K, (Figure 4.13a), wave transmission K, and wave damping
coefficients K, (Figure 4.13b) versus dimensionless structural width y,,d are
presented for variable bottom rigid layer height a,/h, for two porous structures. The

K, pattern is observed to be different as compared with the regular patterns. A minor
resonating peak followed by a primary resonating peak is observed for irrespective
values of a,/h . Then, the mono resonating trough is noticed followed by a uniform

value for all the combination of a,/h with change in y,,d. The resonating peaks and

troughs in K, is observed to reduce for higher y,,d due to the wave trapping in the
confined region available in the free spacing between the two bottom rigid layers. The
K, and K, pattern remains the same as in Section 4.4.1, but, the resonating phenomena
of K, and K, is evident within 0.5<y,,d <5 due to the obstruction caused by the
second porous structure, which is predominant in reflecting the transmitted waves from
the first porous structure. As compared with the single porous structure, the rigid layer
height a,/h shows the minor variation in the wave transformation due to the
destructive interference. The two porous structures show higher values in the wave
reflection K,, reduction in the wave transmission K, and energy damping K, as

compared with the single porous structure, which may be due to the angle of contact

and wave blocking in the free spacing.
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Figure 4.13: Variation of (a) K, (b) K, and K, versus y,,d due to two structures for

variable a,/h, composed of triple layers considering h /1 =0.1 and & = 20°.
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Figure 4.14: Variation of (a) K, and (b) K, versus w/h due to two structures for

variable a,/h, composed of triple layers considering h,/4=0.1 and d /h =2.

As stated in Section 4.4.1, the free spacing shows a critical impact in the design of
multiple porous structures due to a surge in resonating crests and troughs. The
generation of oscillations in K, (Figure 4.14a) and K, (Figure 4.14b) is observed for
the variable w/h,, which is due to the presence of two porous structures considering
the variable angle of contact . The increase in @ influences the resonating peaks in
K, and observed to reach higher estimation for normal wave contact & =0°. The
increase in the angle of contact vanishes the oscillations and almost uniform values in
K, is observed for @=60° Similarly, the resonating troughs in K, is observed to
approach the minimal values for normal wave contact & = 0°. The minimal oscillations
in K, and K, for #=60° is evident in the design of coastal structures and this case is
possible only if the wave transport is subjected to formation of standing waves. In

Section 4.4.1, the resonating peaks and troughs are observed in K, and K, but the
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range of variation (the difference between the resonating crest and trough in the K, and
K.) is almost uniform. However, in the presence of a rigid layer with two-porous layers,

the resonating peak becomes higher, but a gradual variation in K, with forward shift is

observed due to the presence of rigid step height, which causes the additional wave

reflection and also encourages the high energy trapping in the confined region.
4.4.2.3 Three porous structures

The K, (Figure 4.15a), K, and K, (Figure 4.15b) versus free spacing w/h, are
presented for variable bottom rigid layer height a,/h for three porous structures. In

the case of a,/h, =0, the depth of the rigid bottom layer reaches to zero, hence the

three-layered structure becomes a two-layered porous structure. The oscillating peaks

and troughs are observed to be high within 0.1<w/h <10 inthe K,, K, and K, due
to minimum w/h,, which causes the high interaction between transmitted waves and
reflected waves in the free spacing. The increase in W/ h, shows almost uniform values

of K., K, and K, within 10<w/h <30 for all the combinations of a, / h, with minor

oscillations due to the wave trapping in the free spacing and enhancement in the energy

damping by three structures.

08 e : ¢, =08,f =04,a/h,=05,
X ¢,=05,f,=10,a/h,=05,
0=20°h/r=02,d=05w,
. /h=d/h=d/h=d3

0.6

—<—a/h =00

0.4+ Kd
K—+—K,—<—a/h =01
K
Kd

,—>—a/h =02
—+—a/h, =03

,=08,f,=04,a/h,=05h/=02 024 . . K—ve
)

6,=05,f,=10,a/h,=050=20°, ||-+—a/h =02 K,

d/h=d/h=d/h=di3 d=05w —-—a/h,=03

T T T T T 0.0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30

(a) (b)
Figure 4.15: Variation of (a) K, (b) K, and K, versus w/h, due to three structures

for variable a,/h, composed of triple layers considering h /4 =0.2 and @ = 20°.
The higher values in K, are observed for a,/h =0.3 rigid step height whereas the
10.6% for a,/h =0.2, 21.5% for a,/h =0.1 and 30% for a,/h, =0 the reduction in

K, is achieved as compared with a,/h =0.3 at w/h ;=18. The variation in K, is

r
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high at w/h =4 which may due to the constructive seaside interference. However,
rigid step height a, / h, shows a significant role in reducing K, at each of the resonating
troughs and also a minor reduction in K isachieved due to the decrease in pore spaces.

Further, a higher rigid step causes the higher values in K, lower values in K, and K,.

So, proper estimation of hydrodynamic characteristics is useful for reducing the wave
impact on the structure at seaward interface, which can provide a better life span of the

structure.

4.4.2.4 Four porous structures

The K,, K, (Figure 4.16a) and K, (Figure 4.16b) versus w/h, are plotted for various
values of dimensionless cumulative structural width d /h, considering four porous

structures. Bragg’s resonance phenomenon in K, is observed, which is exactly similar

to the previous case for four porous structures composed of two porous layers for

variable layer depth as in Figure 4.9(a,b).
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Figure 4.16: Variation of (a) K, (b) K, and K, versus & due to four structures for

variable & and f, composed of triple layers considering h,/4=0.1 and a,/h, =0.1.

In the present case, the structural width is considered as a dominating parameter and
there exist primary and secondary resonating crests. In the previous studies, the similar
Bragg’s resonating phenomenon in K, is observed for variable friction factor (Losada
et al., 1993), intrinsic permeability (Twu and Liu, 2004) and variable structural porosity

due to multiple porous structures. In the present study, the primary resonating peaks

reach to higher amplitude with the increase in the cumulative structural width. Further,

K, leads to minimal estimation and K, shows a drastic rise in periodic intervals. The
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variation in the number of resonating primary and secondary peaks and troughs in the
wave transformation plays a vital role in the design of the multiple coastal structures
for better wave decay.

4.4.2.5 Comparative study between the multiple porous structures

A comparative study is performed between single and multiple three-layered structures
considering variable porosity for variable cumulative structural width d /h, in Figure
4.17(a,b) to find the number of structures required for controlling the incoming wave
for h /4 =0.2.
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Figure 4.17: Variation of (a) K, (b) K, and K, due to single and multiple structures
composed of triple porous layers considering h /A =0.2 and a,/h =0.2.

In the previous case (Figure 4.10a,b), the structural width is uniformly divided into
multiple structures for finding the significance of the free spacing on wave
transformation. But in the present case, the comparative study is performed between
the single and multiple structures, wherein the second structure is added to the first

structure and the third structure is added to the second structure of identical width. The

resonating crest in K, (Figure 4.17a) is observed to be higher for two, three, four and

five structures as compared with the single structure due to the addition of wave

reflection by each bottom rigid layer. Thereafter, the uniform values in K, is observed
within 2.5<d /h, <5. But, inthe case of K, and K, (Figure 4.17b), the sharp reduction
in K, and a drastic rise in K, is obtained, when the second structure is added to the
first structure within 0.5<d /h <3. Thereafter, there exists a considerable decrease in

K, within 0.5<d/h ;<2 by adding the third structure whereas the fourth and fifth
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structure shows the decrease in K, within 1.0 <d /h <1.5. But, the three, four and five
structures shows minimal variation in the K, as compared with two porous structures.
The K, and K, remains uniform for multiple structures within 3<d/h <5, but the
K, is observed to be reduced, which may be due to the formation of resonating troughs
at that particular interval for multiple structures, and diminishes the K, due to wave
blocking in the multiple confined regions. Thus, the incident wavelength of h /41=0.2
can attenuate with either two or three porous structures of width d/h =15 in the

presence of the three-layers.

4.4.3 Submerged two-layered multiple porous structures

In the present section, the submerged two-layered structure considering one porous
layer upon a rigid layer is studied varying rigid layer height, structural width, porosity,
friction factor and angle of contact. The structures are assumed to be deeply submerged
and the study is extended for multiple submerged porous structures with finite free
spacing. The variation between the present case and previous case (Section 4.4.2) is the
surface layer porosity and friction factor. If the surface layer porosity reaches unity

& =1 and friction approaches to zero f, =0, then the porous layer becomes the open

water region and it is kept fixed throughout the investigation.
4.4.3.1 Single submerged porous structure

In Figure 4.18(a,b), the K, and K, versus d / h, are presented for variable porosity and
friction factor ¢, =0.8, f,=0.4 (Figure 4.18a) and ¢, =0.5, f, =1 (Figure 4.18Db)
considering different rigid step height a,/h. The oscillation pattern in K, and K,
(Figure 4.18a) is observed for all the combinations of a,/h, but a backward shift in
resonating peaks and troughs in K, is observed with the surge in a,/h,. However, the
peak value in K. is observed almost similar for all the combinations of a, /h, due to
the fixed surface layer depth &, / h,. The resonating troughs in K, is observed very near

to zero due to the high structural porosity, which allows more waves to pass through

the structure. In Figure 4.18(b) there exists a significant surge in K, with the increase
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in a,/h and the resonating peaks are observed to be high in wave reflection K, as

compared with the previous case (Figure 4.18a) due to the reduction in the porosity,
which allows the minimal wave penetration. However, in the case of submerged two-

layered structure, the rigid bottom layer a, /h, shows a significant impact on the wave
transformation in the presence of lower porosity and moderate friction factors ¢, = 0.5,
f, =1 as compared with the higher porosity and lower friction factor &, =0.8,

f,=0.4.
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Figure 4.18: Variation of K, and K, versus d /h, due to single submerged structure

for variable h, /h, composed of two layers for h, /2 =0.1, @=20° considering (a)
g, =08, f,=04 and(b) &, =05, f,=1.0.

4.4.3.2 Two submerged porous structures

In Figure 4.19(a), the K, and K, versus ¢ are presented considering various values of
d /h, for a pair of submerged porous structures. The K, is observed to be increasing
and K, is observed to be reduced with an increase in the d /h, due to an increase in
energy damping by the structure. The critical angle is observed to be moving towards
the higher values of 4 within 20° <9 <65° due to the formation of standing waves. It
is noted that the ©=90° shows the unity in K, =1 and zero in K, which is observed

in Section 4.4.1. On the other hand, the significance of the bottom rigid layer on wave
transformation is presented for a pair of submerged porous structures for variable free

spacing w/ h, in Figure 4.19(b). The resonating peaks are observed to be high in K,
and moderate in K,. The increase in the rigid layer height shows a minimal increase in

K, and minimal reduction in the K, due to the zero velocity near the rigid steps.
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However, K, decreases with the increase in the structural height/structural width. In
the previous sections (in the case of fully extended two-layered and three-layered
structures) the minimal K, is achieved for most of the structural configurations. In the
case of submerged porous structures, the K, is observed to be very near to the unity

due to the wave propagation at the free surface.
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Figure 4.19: Variation of K, and K, versus (a) ¢ for variable d /h and (b) w/h, for
variable a,/h, due to two submerged structures composed of two layers considering
h /21=0.1

4.4.3.3 Three submerged porous structures

In Figure 4.20(a,b), the wave reflection K, (Figure 4.20a), wave transmission K, and

energy damping K, (Figure 4.20b) versus y,,d are plotted for variable ¢, and f, due

to the three submerged porous structures composed of two-layers. The bottom rigid

layer height is kept fixed a,/h =0.2 and free spacing available between any two
porous structures is w/ h, =1. The increase in the y,,d shows the higher oscillations in
K,, but K, approaches to minimal oscillation for each of the individual porosity and
friction factor. Similarly, the resonating peak is observed in K, (Figure 4.20b) where a
high resonating peak is observed in K, at y,,d =1.8 which may be due to Bragg’s
resonance. Afterward, the increase in y,,d shows the drastic reduction in K, due to

enhancement in structural width, which helps in the high energy damping. The
resonating peaks and troughs are observed to be high in the present case due to the

confined region. The high values of K, and low values of K, is observed for minimum

porosity &, =0.6 and moderate friction factor f, =0.8. The increase in &, shows the
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significant reduction in K, and the considerable increase in K, is due to the change in

energy dissipation.
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Figure 4.20: Variation of (a) K, and (b) K, versus y,,d for variable &, and f, dueto
three structures composed of two layers considering h /4=0.2 and @ =20°.

As a comparison, the 10% reduction for &, = 0.7, 28% reduction for &, = 0.8 and 57%
reduction for £, =0.9 in K, is observed as compared with &, =0.6 at the highest
resonating peak for y,,d =1.5. In the previous conditions, the uniform estimation in
K, is obtained for higher structural width, but in the present case, the uniform

estimation in the K, is observed within 6 < y,,d <12 in the oscillatory manner which

may be due to the confined region causing the gain in the wave transformation and
encouraging the vortex formation at the tip of each porous structures (Yip et al., 2002).
However, the vortex formation is higher for the case of minimal porosity due to the
minimal energy damping, that might be the major reason behind the oscillations and
the oscillations can diminish with the increase in the structural height as noted in the
Section 4.4.1 and Section 4.4.2.

4.4.3.4 Four submerged porous structures

The wave reflection K, (Figure 4.21a) and wave transmission K, (Figure 4.21b) versus
relative free spacing between the structures w/h, for the variable angle of contact

are reported for four submerged two-layered porous structures in series to determine

the impact of the angle of contact on wave scattering. The increase in w/h, broadens
the resonating crests and troughs in K, and K, due to the constructive and destructive

interferences and also the effect of rigid layer height. The high value in K, is obtained
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for #=0° and a gradual reduction in K, and gradual enhance in K, is achieved with

an increase in the angle of contact.
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084 [5,=05,1,=1.0,h/r=0.1.

Fr—0= 0", —+—0=15"—+—0=30",
—-—0=45"—+—0=60"

41 |a/h,=04,a/h,=06,a/h=03, —«—9= 0°,—+—0=15"
a0 o= g0

d/h,=d/h =d/h =d/h =05, —e—0=30" —r—0=45"

¢,=0.5,f,=1.0,h /A=0.1. —+—0=60"

0.0

T T T T
[ 5 10 15 20 25

(a) wih, (b) wih,
Figure 4.21: Variation of (a) K, and (b) K, versus w/h, for variable # due to four
submerged structures composed of two layers considering h,/1=0.1 and a,/h, =0.3.

The oscillations are observed to be high in K, and resonating crests observed very near
to the unity due to minimum thickness and moderate depth of the porous structure. The
previous studies performed by Twu and Liu (2004) examined the submerged multiple
bars and the study reported that the increase in the number of bars (study examined 6
bars) and porosity shows the minimal values in K, and K, due to an increase in energy
dissipation. Similarly, in the case of fully extended two-layered porous structures as in
Section 4.4.1 and three-layered porous structures as in Section 4.4.2 shows the almost
zero transmission due to the structural height. In the present case, the zero transmission
coefficient is possible with higher structural width, and the increase in the number of
submerged two-layered structures are also useful for achieving minimal wave

transmission. In addition, the resonating peaks in K, and troughs in K, are useful to

determine the optimal free spacing w/h,, which helps in the design of the novel coastal

structure along with the reduction in the wave impact on porous structures.
4.4.3.5 Comparative study between the submerged porous structures

The comparative study is performed between the single and two submerged porous
structures considering uniform width (Figure 4.22a) and variable width (Figure 4.22b).
In case of uniform width (Figure 4.22a) the single structural width is separated into two

equal structures and the K, , K, and K, are presented versus d/h,. As study sated

earlier in the Sections 4.4.1 and 4.4.2, the resonating pattern in the wave transformation
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is observed to be high for the two porous structures as compared with the single porous
structure. In the present case, a minimal reduction in K, and a minimal increase in K,
at each of the resonating peaks is achieved due to the presence of free spacing available

between two consecutive structures.
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Figure 4.22: Variation of K, K, and K, due to single and two submerged porous
structures for (a) uniform width, (b) variable width considering h /1=0.2 and
6 =30

On the other hand, in the case of variable width (Figure 4.22b), two porous structures
width is almost double as compared with the single porous structure. Hence there is a

significant increase in wave reflection K, at each of the resonating peaks. The
significant reduction in wave transmission K, and the massive surge in damping
coefficient K, is achieved for two-structures as compared with the single structure
within 0.1<d/h <10. Thereafter, the uniform estimation in K. and K, is achieved
within 10<d/h <20, but K, is observed to be decreasing and reaches zero. Hence,
the second porous structure is evident in reducing K, due to wave trapping/blocking in

the free spacing available between two consecutive structures. As a comparison in the
K, (Figure 4.22b), the 48% reduction at d /h =4, 71% reduction at d /h =8,84%

reductionat d /h, =12 and 91% reductionat d /h, =12 is obtained due to the presence

of secondary structure. The comparison between the single and two porous structures

shows the considerable variation in K, within 12<d/h <20 and a negligible increase
in the K, but the construction cost may increase due to the large structural width.
Finally, the addition of the second porous structure is effective within 4<d/h <12

for minimal wave transmission and high energy damping.
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45 CLOSURE

The oblique wave transformation due to fully extended two-layered, three-layered

porous structures and submerged two-layered porous structures is analysed considering

various design parameters. The eigenfunction expansion approach is used to analyse

the wave scattering performance of multiple structures and the conclusions made from

the present study are as follows:

The increase in surface layer depth shows the surge in energy damping due to
high surface layer porosity. The 31.9% reduction in wave reflection is obtained
with the increase in the surface layer porosity at the resonating crest.

The minimum values of friction factor illustrate the minimal impact on K, and
high values of the friction factor enhance K,. Thus, the moderate friction factor
and high porosity in the surface layer are suggested for high energy damping.
The decrease in the wavelength widens the resonating crests and troughs for two

porous structures and zero K. is noted for the angle of incidence & =64°.
The angle of contact & =30° shows the 16.3% reduction in K as compared with

the normal angle of contact @ =0° due to the increase in energy damping. Hence,
it is better to construct the porous structure on determining the critical angle of

contact for minimal wave reflection and high energy damping.

The 98% of K isachieved for high surface layer porosity ¢, =0.8 and moderate
friction factor f, =0.4 for variable free spacing within 12<w/h <30 in the
presence of the three porous structures.

The surface porous layer depth &, / h, shows a significant impact in reducing the
resonating peaks and troughs. The high resonating peak is observed for
a,/h,=02 and 8% for a/h,=04, 21% for a /h,=0.6, 37% for
a,/h, =0.8 the decrease in K, is obtained as compared with a,/h,=0.2 for
four porous structures.

The increase in the bottom rigid layer height a, /h, enhances the K, and reduces

the energy damping. Hence the minimal bottom rigid layer height is suggested

for the construction of three-layer porous structures for better performance.
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e The multiple porous structures are useful if the structural width is higher. But, for
fixed structural width (if one structure width is separated into two structures), the

resonating crests and troughs have a major role in reducing the K, and K., thus,
the high values of K, can be achieved.

e The minimal values in K,, K, and high values in K, can be achieved with
two/three triple-layered structures for structural width d /h =1.5.

e The double submerged two-layered structures show a significant reduction in K,
and K, at each of the resonating trough as compared with a single structure for

fixed width. The reduction in K, and K, is evident with the addition of the second

structure as compared with the single structure. The addition of the second

structure is effective within 4<d/h <12 for minimal wave transmission and

high energy damping in the design and construction of offshore structures.

e The present investigation provides an extensive data set for multiple two-layered,
three-layered and submerged two-layered porous structures (limited upto five
structures), which can be implemented in the actual field as an effective wave

damping system based on the field conditions.

136



CHAPTERS

WAVE TRAPPING BY HORIZONTALLY STRATIFIED
POROUS STRUCTURES WITH END WALL

5.1 GENERAL INTRODUCTION

The seawalls are the most common coastal structures constructed in various locations
for reflecting the incident waves towards offshore regions. Various types of porous and
non-porous seawalls of different physical configurations such as vertical seawalls,
sloping seawall, stepped seawalls, semi-infinite permeable seawalls and curved
seawalls are designed, fabricated and positioned in the coast. However, few of the
seawalls are subjected to tremendous wave contact and gets collapsed. To reduce the
wave impact on seawalls, the finite submerged/surface porous objects are introduced,
having various configurations that depend upon the ocean floor condition and water
depth. The submerged and surface thick/thin porous structures have received more
attention as compared with other types of conventional structures due to its high wave
damping performance. Hence, the porous breakwaters have been constructed in various
physical configurations at various locations to shelter the islands, harbours, marinas,
wharfs and mainlands. The functional efficiency of submerged/surface piercing porous
structures usually estimates based on hydrodynamic characteristics such as wave
reflection, transmission and energy damping characteristics. However, the functional
efficiency of breakwater generally depends upon structural porosity, friction factor,
angle of contact, structural width and incident wavelength. Recent studies reported that
effective breakwater must perform minimum values of wave reflection, transmission
and maximum values of wave damping for a better structural life span. However, the
high wave damping can be possible for higher structural width, higher structural
porosity and multiple structures. In addition, the increase in structural width can
maximize the capital cost of the breakwater. Thus, the only alternative is to have high
structural porosity to achieve significant wave dissipation. But the high structural

porosity affects the lift of breakwater due to the minimal dead weight of the structure.
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Specifically, in the case of a porous structure with a vertical wall, the higher structural
porosity shows a higher wave force on the vertical wall due to more wave penetration.
Hence, a new structural configuration is introduced by Yu and Chwang (1994), having

two porosities in a single structure in the horizontal direction.

In the present study, a series of porous structures are examined on considering
horizontal variable porosity, which is termed as horizontally stratified porous
structures. The series of horizontally stratified porous structures are placed far away
from the (a) vertical wall (b) semi-infinite permeable wall and (c) stepped seawall. The
wave reflection, transmission and wave damping by various types of porous structures
are analysed and validated with the available experimental and theoretical results.
Thereafter, the study is extended to examine the series of porous structures away from
the vertical wall, stepped wall and permeable wall. The porous structure is divided into
two and three-layers considering the high porosity in the surface porous layer, moderate
porosity in the middle porous layer and the bottom layer is treated as impermeable,
which is useful for the consideration of seabed variation. The effect of multiple
horizontal porosities, friction factors, angle of incidence, confined region (free spacing
between the two consecutive porous structures), trapping chamber, layer height and
structural thickness is reported for trapping of incident waves. The oblique wave
reflection by two-layered, three-layered and submerged two-layered structures are
examined and bottom layer porosity is considered zero to resemble the natural elevated
rigid seabed using zero-velocity condition. The harmonic peaks and troughs due to the
presence of series of porous structures and wave trapping in free spacing are reported
in detail and the effect of generation of clapotis due to fluid resonance is also discussed.
The effective wave trapping points, cushion effect, critical angle and critical width is

discussed for the design and development of stratified porous structures.

5.2 MATHEMATICAL FORMULATION

The gravity wave trapping by a series of stratified porous structures placed far away
from various walls (vertical, permeable and stepped walls) are examined using the
eigenfunction expansion method based on linearized water wave theory. The wave
trapping by stratified porous structures consisting of two horizontal porous layers and

one rigid bottom layer, having higher porosity in the surface layer, moderate porosity
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in the middle layer and zero porosity in the bottom layer is considered. The 3-D
Cartesian coordinate system is adopted for the theoretical analysis of stratified porous

structures in series considering downward positive y —axis, X and z—axis in the
horizontal direction. A series of 2N multiple stratified porous structures are placed at
x =h, considering the finite spacing w/h, between any two adjacent stratified porous
structures. In each of the cases, the spacing between the vertical wall and series of
stratified porous structures is considered L /h, and varied for finding the effective wave
trapping points. The fluid realm is divided into multiple open sea regions and structure

occupied regions. The fluid field is considered to occupy Uzjffll ; with the upstream

open sea region I, =(-b, <x<ow, 0<y<h), multiple finite open sea regions and
stratified porous structure occupied regions of finite width placed in the finite depth

I, =(-b; <x<-b,,, 0<y<h,) for j=2,3,..,2N along with the leeward/downward

open sea regions 1, ,, =(-b,, —L<x<-h,,, 0<y<h,,,,) asinFigure 5.1(a) in the
presence of the vertical wall. Further, the analytical study is extended on considering
leeward permeable wall and stepped wall as in Figure 5.1(b,c).

The fluid is considered as inviscid, irrotational motion, incompressible and simple
harmonic in nature of angular frequency . So, the velocity potentials ®(x, y, z,t) and
surface deflection £ (x, z,t) are given in the form of ®(x,y, z,t) = Re{¢j (X, y)e‘('z’”")}
and £(x,z,t)= Re{nj (x)ei“z"”"} wherein, the Re explains the real part, | = y,,sin 6
is wavenumber in z—direction. The y,, =27/ A is the wavenumber in y —direction
and ¢ is the angle of incidence. The velocity potentials ¢, for j=12,3,..,2N +1

satisfies the Helmholtz equation given by

O°p;(x,Y) . ¢, (x,Y)
x> 8y2

The velocity potential for the open sea region and structure occupied region satisfies

~1%,(x,y)=0, 0<y<h (5.1)

the mean free-surface boundary condition given by

wm@ (x¥)=0 on y=o (5.22
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Figure 5.1: Oblique wave transport through a series of stratified porous structures away
from the (a) vertical impermeable wall (b) permeable wall and (c) stepped wall.
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2 -
M for j=2,4,“

where T, = .,2N in the case of porous structure occupied

2
regions, I'; -2 for j=13,...,2N +1 in the case of multiple open sea regions.
g

The bottom zero-flow condition in each of the region j=1,2,...,2N +1 is given by

0@ (X,

M=0 on y=h. (5.2b)
oy !

In the case of a three-layered stratified porous structure, the bottom layer, which is near

to the seabed is assumed to be impermeable (¢, =0, f, =0) and kept fixed throughout

the study. Hence there exists a flow within the surface and middle porous layers (Liu et
al., 2007) in the vertical direction (j =2,4,...,2N) given by

(S, +if)) g (x.y)=(S,+if,)8' (xy) on y=a, (5.3a)
& %, g’(' y) =¢, %, 8(;(’ y) on Yy=a. (5.3b)

The stratified porous structures are assumed of finite width placed at finite depth, which
obstructs the free wave motion (continuity of pressure and velocity). To model the
continuity of pressure and velocity due to the existence of stratified porous structure,
the matching equations are given by

S, + if1)¢j'+1 (%,y)

_ L
¢J(X1y)_{(82+if2)¢;'ﬂ(X,y) on x=-b, j=13..2N+1 (5.4a)

88¢]I+1(X’y)
M: OX on x:—bj, j=13,...,2N +1, (5.4b)
ox Oy (X, Y)
2T o
3 (S, +if,) 4 (x.y) .
ey ‘{<s2+if2>¢;'<x,y> R
of; (% Y)
a¢1+1(x’y)= OX on x=-b, j=2,4,...,2N, (5.5b)
OX g, (X, y)
2T o
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where b, for j=1,2,...,2N +1 are interface points between each of the free water and
porous structures, &, and ¢, are porosities, f, and f, are friction factors, S, and S,
are inertia coefficients in each of the surface and bottom porous layers. The & =1 and

f, =0 shows the wave motion over the submerged porous structures due to the absence

of a surface porous bar. The inertia and friction factor due to the surface and bottom

porous layers are computed using the relation given by

oy

1-¢, )
S; =1+ A, on j=12, (5.6a)

t+T 2
fav | gf[fi +C;fi |qi|3]dt
R A h , on j=12,  (5.6b)
[av [ &q’dt
\

t

f=1
@

J
where A, is added mass coefficient, e is wave frequency, K is intrinsic permeability
K, /W =0.95*10°, 0.22*10° and 0.345*10° (Twu and Liu, 2004) q; is the

instantaneous Eulerian velocity vector, C, =0.228 is a turbulent resistant coefficient

(Twu and Liu, 2004), v is kinematic viscosity, V is volume and T is wave period.

The inertia effect is kept fixed S, =S, =1 throughout the analytical study (Sollit and

Cross, 1972). In the case of a vertical wall, far-field radiation conditions are given by
(Iloe—i}’lox + Rloei}’mx) flO (y) as X — oo,

4 (x)= it (5.7)
J (T(2N+1)Oe Tl )f(2N+1)0(y) as x—>—(by, +L),

where 1,5, Ry, and T, are complex amplitudes of the incident, reflected and
transmitted gravity waves. The wavenumber y,, for j=1, 3,....(2N +1) in the open sea
region and the wavenumber y;, for j=2,4,..,2N in the stratified porous structure

region satisfies the water-wave dispersion relations given by

@’ =gy, tanh y;oh (5.8a)

j!

(S,+if,) " —gy;, tanh y,oh, = B[ (S, +if,)o* tanh ;b gy, |, (5.80)
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where P, = 1—M tanh y,.&, 1—£+_Ifl)tanh2y2na1 . In the case
g (S, +if,) g (S, +if,)

of the submerged porous structure, the surface layer transform as free water region by
considering the surface porosity & =1 and friction factor f, =0. The dispersion

relation for the submerged porous structure is given by

o’ — g7, tanh y;oh; =P, [a)z tanhy;h; — gyjo], (5.8¢)

where P, :Hl—(sgjﬁ)}taﬂh y2na1}/{l—(sizhc)tanh2y2nal}, which is similar
2 2 2 2

as in Losada et al. (1996) and Li et al. (2019). In the case of bottom rigid layers, the

fluid flow near each rigid layer (hHSyshj) for j=13,..,(2N+1) and

(hj <y< hH) for j=2,4,...,2N satisfies the zero-flow condition given by

a i [
(%) o o x=-b, (5.92)
OX

The series of stratified porous structures are placed far away from the vertical wall.

Hence, the no-flow condition due to the presence of vertical wall is given by

9 0Y) o on xe—(b, +L). (5.9b)
OX

5.3 METHOD OF SOLUTION

The present study proposed the series of stratified porous structures placed far away
from vertical, permeable and stepped walls as an effective energy trapping system. To
reduce the complexity of the present solution approach, the closed-form solution using
the eigenfunction method is preferred, which is applicable for solving the wave trapping
due to series of porous structures. The set of equations for finding the wave reflection

by the single three-layered structure is reported.

5.3.1 Multiple porous structures away from the vertical wall

The velocity potentials in each of the open sea regions and structure occupied regions
satisfying the governing equation and boundary conditions as in Section 5.2 are
presented using the method of separation of variables. The velocity potentials in each

of the open water region are given by
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¢1(X, y) _ { Iloe—iklo(Xerl) n Rloeiklo(x+b1)} f,(y) +Z{R1nefm(x+bl)}fln(y)'
n=1
for —b, <x<o, 0<y<h,

(5.10a)

4 (X, y) _ Z{Ajne—ikjn(xmj_l) N Bjneikjn(xmj)} £.()

n=0

(5.10b)
for —b,<x<-b,,,0<y<h;, j=35..,2N-1

ik (Xthan ) ka0 (X+bapy +2L)
¢2N+1(X’ y):C(2N+l)0{e o +e }f(2N+1)o(Y)

Kansan (X+ban —K(onsn (X+Dan +2L
+ZC(2NH)”{€< nlesben) | g anan )}f(zml)n(y), (5.10c)

n=1

2N+l

for —(b,y +L)<x<-b,,, 0<y<h

The velocity potential for multiple stratified porous structure regions considering
surface and bottom porous layers are given by

X y =Z{A N Jn x+b Bjne (X+b }fm(y)

= (5.10d)
for —b;<x<-b;,,0<y<a, j=24,.2N,

- Aekmx+b BeJ"Hb}f“

ZO{ ) (5.108)

for —b,<x<-b,,,a <y<h, j=24.,2N,

in?

where R, A, B;, and C(2N+1)O are unknowns to be determined. The eigenfunctions

coshy;, (h; —y)/coshyoh; forn=0,

in the open water region are fjn(y)—{ for

cosy;, (h; —y)/cosyh; forn=12,..,
j=13,...2N+1 and y, =iy;, for n=1,2,.... The eigenfunctions for surface porous

cosh Vin (hj - y)_ I:)n sinh Yin (hj B y)
cosh y,h; =P, sinhy, h

layer region are ij(y) = , for the bottom porous

i
(S, +if,)(1- P, tanh .3, Jcosh y,, (h; - y)
(S, +if,)(coshy,h; =P, sinh ;b )

layer region aref C(y)= for j=2,4,..,2N.

i

The eigenfunction f, (y) for j=13,...,2N +1 satisfy the orthogonal mode-coupling

relation given by
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0 for m=n, 2y +sinh 2y, h.
(1) _ and A, =432 L g )
o aseenay | A for m=n. 4y .cosh”y . h;

The orthogonal relation in the presence of the two-layered structure (hj =a, +a2) IS

given by

0

& hj
(Finr Fim) aa o j () fin (y)dly = j Fn ) Fndy + [ £,,(0) f,(Y)dy. (5.11b)

The orthogonal relation for the three-layered structure is similar as in Equation (5.11b)

along with zero-flow condition for a rigid bottom layer (hj+1_y<h) for

j=13,..,(2N+1) and (h, <y<h, ) for j=2,4,..,2N given by

og; (x.y)

=0 on x=b. 5.11c
x , ( )

The velocity potentials as in Equation (5.10a) — (5.10e) are substituted in the continuity
of pressure and velocity as in Equation (5.4a,b) along with orthogonal relation as in

Equation (5.11a) given by

(8, (09). 1 (1)) = 16, 0091, {H } )y

0

:(sl+ifl)f;/5('j+1)(x,y)fjm(y)dy+ S, +if,) I¢J+l y)fm(y)dy (5.12)

for m=0,1,2,... and j=13...,(2N -1,

h; a N
(B (x.9). £ (¥)) = [ (% y)fjm(y)dy={I+I }m(x, ) fin(y)dy
0 0 a
:8J¢j+l (X y)f ( dy+82J‘¢j+l )flm(y)dy (513)
0
for m=0,12,... and j=13...,(2N-1),
The velocity potentials as in Equation (5.10a) — (5.10e) are substituted in the continuity

of pressure and velocity as in Equation (5.5a,b) along with orthogonal relation as in

Equation (5.11a) given by
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h;

(812 (6 V), T (9)) = [ 8,006 V) (¥) dly = {j I } 1 (6 Y) T (V)Y

0

&

=(S,+if,) [ 4] (% Y) T (y)dy+(82+ifz)f¢}'(x,y) i (V) dy

0

form=0,1,2,... and j=2,4,..,2N,
(5.14)

(B (0 Y)s T (V) = I B (% V) ( {H } f i m (Y)Y

&

=& [ # (% Y)T (¥ dy+82f¢,x (%) Fjam () Ay

0 C

form=0,12,.. and j=2,4,..,2N.
(5.15)
In the case of the two-layer porous structure, structure depth is h, =h, =a, +a,, for
three-layer stratified porous structure h =a, +a, +a,. The system of series solutions

as in Equation (5.12) - (5.15) for two-layered stratified porous structure, similarly,
Equation (5.12) - (5.15) along with no-flow condition as in Equation (5.11c) for three-

layered stratified porous structure are coined and truncated for a finite number M to

obtain 4 j(M +1) linear equation system to obtain the 4 j(M +1) unknown coefficients

(where j=1,2,.... is the number of stratified porous structures). The wave reflection

due to multiple stratified porous structures are obtained as

(5.16)

5.3.2 Three-layered stratified porous structure away from the vertical wall

The three-layered stratified porous structure is considered to be having two porous
layers and a rigid bottom layer. Thus, the rigid bottom layer replaces the natural and
artificial seabed variations. The analytical solution as in Section 5.3.1 is adopted to
examine the wave trapping phenomena by a single three-layered stratified porous
structure. The velocity potentials in each of the regions are solved using the boundary

conditions and method of separation of variables given in the form of
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¢1 (X, y) — { Iloefiklo(xﬂh) + Rloeiklo(Xerl)} flo (y) + Z{Rlne*’fm(Xerl) } fln (y)’
n=1
for —b <x<ow, 0<y<h,

(5.17a)

MS

¢2 X y { —|k2 (x+by) +ane|k2 x+b2)} len(y)

n-0 (5.17b)
for —b,<x<-b, 0<y<a,

1 — Oo 7|k2 ><+k1l B ikyp (X-+by) fll
¢2 X y ;{ + 2ne } 2n(y) (517C)

for —b,<x<-b,a <y<a,,

¢3 (X, y) _ C30 {e—ik30(x+b2) +eik30(x+b2+2L } 3o(y) +ZC3n { n(x+by) Lo n(x+by+2L) }fsn(y)
for —(b,+L)<x<-b,, 0<y<h,

(5.17d)

where f (y) are the eigenfunctions in open sea and breakwater occupied regions is

cosh y;, (h; —y)/cosh y,,h for n=0,

given in the form of f; (y)= for j=13, in

cos;/m( )/cos;xJn for n=12,...,
cosh 7,, (h, —y)—P,sinhy,, (h, - y)
cosh y,,h, =P, sinhy, h,

(S, +if,)(1-P, tanh y,,a, ) cosh ,, (h, — y)
(S, +if,)(cosh y,,h, =P, sinhy,.h, )

the case of surface porous layer f, (y)= , for

and

bottom porous layer f)!(y)=
a,+a, =h,.

The matching equations as in Equation (5.4) — (5.5), the no-flow condition due to
bottom rigid layer as in Equation (5.9a) and orthogonal mode-coupling relation as
Equation (5.11a) — (5.11c) are applied on the velocity potentials representing the
seaward, leeward open sea regions and porous structure occupied region as in Equation

(5.17a) — (5.17d) to coin the equation system given by

{Ilo +Ry J. fio(Y) flm(Y)dY"'Z Ran- £ (Y) fi (Y)dy =

(A + Bt ™| (3, +if, jfzn<y)flm(y>dy+(s +if, j fan (¥) fi (Y)dy |, (5.18a)

C

form=0,1,2,....
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_ikln { Iloé‘nm - Rln}< fln(y)’ flm(y)> =
i—ikzh (A, —Bye e ){gl j L (y)f, (y)dy+e, j £ (y)f,, (y)dy}, (5.18b)

form=0,12,....

3 (Aye e + BZn){(sl +if,) f o (Y) T (¥) +(S, +i,) f fan (¥) fsm(yﬂ

n=0 a

hZ s} hz
=Cop (L+ &%) [ foo () fio (Y)dy + Y Cop (L €7) [ £,(0) (Y)Y, (5.18c)
0 n=1 0

form=0,12,....

3 ik (A B, )[el [ b e, ] 1) me(y)}

n=0 &y

(5.18d)
= —ik;,Cyp =€) (£, (y), Fyn(y)) form=0,12,....

lform=n=0

0Oform=n=12,.., and d =—(b, =by).

where o, ={

The system of linear equation as in Equation (5.18a) — (5.18d) is solved to find the

reflection coefficient due to stratified porous structure given in the form of

« -|Ral

r

(5.19)

IlO
The system of equations as in Equation (5.18a) — (5.18d) can be used for two-layered
fully-extended and submerged two-layered porous structures on considering the

uniform water depth h,/h =1 (for two-layered porous structure) and & =1, f, =0

(submerged structure).

5.3.3 Series of stratified structures away from the semi-infinite permeable wall

In the present subsection, the multiple stratified porous structures are placed far away
from the semi-infinite permeable wall as in Figure 5.1(b). In this case, the leeward open
sea region is fully occupied with a porous structure. Hence the velocity potential in the

leeward porous structure region is given by

b (6¥) =3 o {eik(zmn(xmm,l)}f(ZN)n(y), for —oo<x<-b,, ,,0<y<h,. (5.20)

n=0
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where fjn(y)=(coshyj0(hj—y))/(cosh;/johj) for n=0,1,2,... and j=2N. The

semi-infinite structure satisfies the dispersion relation given by

@ (Sy +1;) = 97 ey, NN Y, (5.21)

The system of equations is obtained using the velocity potential, matching equations
and mode-coupling relation as described in Section 5.3.1.

5.3.4 Series of stratified porous structures away from the stepped wall

In the case of stepped seawall, the multiple rigid steps are placed very near to the
vertical wall as in Figure 5.1(c). It is assumed that each of the rigid steps consists of
finite width and depth. Hence, there exists a velocity potential over each of the rigid
step, which is similar to free spacing regions presented in Equation (5.10c). Hence, the
continuity of pressure, velocity and zero-flow is considered at each of the rigid step
given by

o9, (x,y) _ 0d;..(%,Y) on x=-b, (5.22a)

(% Y)=d4(xy) ang OV ,

0o (X,
%:0 on x=—b, (5.22b)

The subscript j is dependent upon the number of rigid steps considered in the study.

5.3.5 Solution approach for finding the roots of the dispersion relation

In general, the root-finding process for the stratified porous structure is complicated
due to the presence of imaginary values. The dispersion relation for the stratified porous

structure is given by

(S,+if,) " — gy, tanh y,.h, = P, [ (S, +if, ) tanh 7, h, =gy, |, for n=0,1.2,....

where Pn — l_M tanh yjnal 1_Mtanh2 7jna1 .
& (s, +if,) & (s, +if,)

The dispersion relation for the porous structure is simplified in the form given by

(5.234)

(S, +if,)A=Ytanh BY = [ Y (S, +if, ) Atanh BY |tanh o, (5.23b)
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2 .
where Aza) hj, ﬂ:i, a:ﬁ, Y:yjnhj, (p:M. In the case of a single
g h; h; & (S, +if,)

structure, the g, =¢,=¢, S5,=S,=S and f =f,=1f. Hence, the stratified porous
structure dispersion relation reduces to the complex porous structure dispersion relation
given by

w2(8+if)= g7;, tanhy,.h (5.23c)

j
In the previous studies, numerous authors used various methods such as Newton-
Raphson method, step approach method and contour plots (Sollit and Cross, 1972;
Dalrymple et al., 1991; Yu and Chwang, 1994; Mendez and Losada, 2004; Liu et al.,
2007) for finding multiple roots of the complex dispersion relation. In the present study,
the Newton-Raphson method is used for finding the roots of the stratified porous
structure dispersion relation and step approach technique as in Mendez and Losada

(2004) is used for finding the initial values for fast convergence.

The wave force acting on the vertical wall K, is given by

F
w (5.244)

K, = ,
" Zpghllo

hj

With F, = ipo [ d,,., (xy)y at x=—{(b,;=b)+L}, for j=12,.,N  (5.24b)
0

where |, is the amplitude of the incident wave potential considered to be unity.

5.4 RESULTS AND DISCUSSIONS

The life span of the structure can be improved by reducing the wave impact on the
seaward structural interface with significant wave damping. The higher wave damping
is possible with an increase in structural width or higher structural porosity. Hence, the
stratification concept, considering high surface layer porosity and moderate bottom
layer porosity performs well for the effective wave attenuation. The present study
examines the wave trapping efficiency of multiple two-layered, three-layered and
submerged two-layered porous structures in the presence of a vertical wall, stepped wall
and permeable wall. The physical quantities such as wave reflection and fluid force
experienced by the vertical rigid wall are reported on considering various ranges of

porosity, friction factor, depth of each layer, angle of contact, free spacing, trapping
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chamber, structural thickness and dimensionless wavelength. In general, high structural
porosity shows the high wave transmission and maximal wave impact on the seawalls.
Hence, most of the studies reported that high structural porosity with the leeward wall
is a useful solution for the trapping of incident waves (Yu and Chwang, 1994; Liu et
al., 2012). To achieve the moderate wave reflection and minimal wave force on the
seawalls, a new type porous breakwater titled, the stratified porous structure is proposed
and analysed using the matched eigenfunction expansion method. In the present study,
the porous structure is divided into two/three layers, and the surface layer is considered
to be of high porosity, the middle layer consists of moderate porosity and the bottom
layer consists of zero porosity. The series of porous structures are placed far away from
the vertical wall, stepped wall and permeable wall. A maximum number of four
stratified porous structures are considered in the presence of various seawalls. In the

case of two/three-layered porous structures, the bottom porous layer consisting of

&, =0.5 and f, =1 which is kept fixed throughout the study.

5.4.1 Effect of the vertical wall with porous structures on wave trapping

The evanescent wave modes are truncated for a finite number after achieving the
convergence in wave reflection coefficient by multiple porous structures away from a

vertical wall, stepped wall and permeable wall. Figure 5.2 shows the convergence study

in K, versus increase in evanescent wave modes M for multiple porous structures with

a vertical wall, stepped wall and permeable wall. The convergence in K, is achieved

for the evanescent wave modes for M >10 upto four decimal places in the presence of

the vertical wall, stepped wall and permeable wall.

5.4.1.1 Validation with experimental results

The efficiency of the present model is corroborated using a comparative study between
present analytical results and results of notable authors for specific structures. Figure
5.3(a,b) shows the comparative study between the present study analytical results and
experimental results of Dattatri et al. (1978) in Figure 5.3(a), and Twu and Chieu (2000)

in Figure 5.3(b). Dattatri et al. (1978) reported the wave transmission K, on conducting

a series of experiments considering various shapes of permeable and impermeable

structures. In addition, Twu and Chieu (2000) examined the scattering performance of

151



Gravity wave damping by stratified porous structures

a vertically stratified porous structure using a set of experiments and validated using
analytical results. The wave transmission K, as in Dattatri et al. (1978) and energy
damping K, as in Twu and Chieu (2000) are computed and compared. The comparison

plots show a reasonable agreement between the present study analytical results and

experimental results available in the literature.

h,/»=0.1 —=—h /»=0.2 —»—One abosrber with vertical wall
104 h/»=0.1 —+—h /»=0.2 —« —Two absorbers with vertical wall
h/x=0.1 —+—h/n=0.2 — - —Three absorbers with vertical wall
h/x=0.1 —v—h /. =0.2 —« —Four absorbers with vertical wall
0.8 h/A=0.1—+—h /1 =0.2 —°—Two absorbers with permeable wall
h/2=01—<«—h/.=02 Two absorbers with stepped wall

5=08,1=04,a/h=a/h=04,a/h =02 dh=4,
wih,= L/ =5, d /h=d/h=d/h=dsh=ds4,Lh=05
0.0 T T T T

0 3 6 9 12 15

Evanescent wave modes (M)

Figure 5.2: Convergence study in wave reflection coefficient K, due to multiple
structures away from a vertical wall, permeable wall and stepped wall considering
h/A=01and h/1=0.2.

1.0 1.0
—— Present analytical results
© Experimental study results (Dattatri et al.,1978)

0.8+

0.8+

Structural porosity = 0.41
Water depth = 50 cms

Wave period = 1 - 2 secs
0.6 Wave height = 2.5-12.5 cms 0.6

X X’ ,=092,¢,=062,
- « e} & 0.4 f,=2.20, f,=1.30,
- b /h, =b/h, =0.67. =

0.2+

—— Present analytical results
© Experimental study results (Twu and Chieu, 2000)

0.0 T T T T T
0.10 015 0.20 0.25 0.30 0.100 0.125 0.150 0175 0.200 0225 0.250

(a) dn (b) h
Figure 5.3: Comparative study between the present study analytical results and previous
experimental results of (a) Dattatri et al. (1978) and (b) Twu and Chieu (2000).

The effect of the vertical wall with a stratified porous structure is examined with/
without trapping chamber in Figure 5.4(a,b). As a special case, the single-layer porous
structure is examined on considering the uniform porosity and friction factor and
compared with the Mallayachari and Sundar (1994), Zhu and Chwang (2001). The
present analytical results are observed to be well-agreed with the numerical/analytical
results of Mallayachari and Sundar (1994), Zhu and Chwang (2001). Thereafter, the

multi-layered concept is applied for the structural configurations proposed by
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Mallayachari and Sundar (1994), Zhu and Chwang (2001). A significant variation in

K, is identified between the single-layer porous structure and double-layer porous

r

structure. The stratified porous structures show minimal K, as compared with the

conventional porous structures in the presence and absence of the trapping chamber.
However, a rigorous study is required to propose an ideal structural configuration for
better wave trapping, which is well discussed in further sub-sections.

1.0 1.0

——¢,=05,6,=05, o —+—¢,=05,5,=05,
—+—¢,=08,5=08,

& Zhu and Chwang (2001),

% f,=1,=1.0,dh =1, o’h /g =1.

® |—+—¢,=08,¢=08,
08 | —+—¢,=08,,=05,
b © Mallayachari and Sundar(1994),
ol _ . _ PP
(Gl ==10 Lh, =0, o'h /g = 0.2820.
- x"

0.6+

044

i
T
\

0.2+ Ar

T T T T T T T T T T
0.0 15 3.0 4.5 6.0 7.5 [} 15 30 45 60 75 920

(a) (b) :
Figure 5.4: The K, versus (a) dimensionless width »,,d and (b) angle of contact

considering horizontal variable porosity &, for d/h =1 and ’h /g =1.

5.4.1.2 Effect of trapping chamber spacing on wave reflection

In Figure 5.5(a-d), the reflection coefficient K, versus trapping chamber spacing L/h
is discussed for single porous structure considering various ranges of structure porosity
&, T, inFigure 5.5(a), layer depth &,/ h, a,/h, in Figure 5.5(b), angle of contact & in
Figure 5.5(c) and structure thickness d /h, in Figure 5.5(d). The surge in L/h shows
the harmonic peaks and troughs in K, for all the combinations of ¢, f,, a, /h, a,/h,,

6 and d/h, . The difference between each of the harmonic peak and trough is observed
to be reduced for higher surface layer porosity, angle of contact and structure thickness.
The layer depth shows minimal impact on K, due to the presence of a vertical wall,
which reflects the total transmitted wave energy from the porous structure. Almost,
uniform values of K, is obtained for &=60" due to the formation of standing waves,
which is also called as critical angle of incidence. Moreover, the enhance in d / h, shows

the reduction pattern in K, due to the enhance in wave decay by the stratified porous

structure. Particularly, for d /h =5, the K, shows very minimal harmonic peaks as
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compared with other d /h, values. In fact, d /h, =2 also shows the minimal values of
K, at each of the harmonic trough, which is almost equal/minimal as in d /h =5. As
a comparison, d/h =5 requires massive capital cost as compared with d /h =2 due
to the higher structure thickness. However, the performance of d /h, =2 and d/h =5

is almost uniform at each of the harmonic troughs, which is essential in the design of
the trapping chamber for effective clapotis formation. Finally, the minimum value of

K, for optimal values of other physical parameters is also considered for effective wave

trapping (Vijay and Sahoo, 2019).

1.0

—-—a/h, =02 ajh, =08,
—+—a/h,=0.4,a/h =08,
—+—a/h =06, a/h, =04,
—-—a/h, =08 a/h =02

104 =081 =04 dh=2,
0=20", h /A= 0.1.

a/h=a/h=050=20"| |—*—¢ =0.6,f =0.8,—-—¢ =0.7,f =0.,
dh=2,h/n=01.

—+—¢,=08,f, =04, —¢ =09, =0.2.

0.8

0.8+

06 f
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0.2+ 0.2

00 T 0.0 :
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(a) L/,
1.0 — -
a/h=a/h =05, dh=2, 1ol a/h=a,/h =05, 0= 20", dh, =1, dh, =2, dh, = 3,}
6 =08, =04,h /=01 h/n=0.1,5=08,f=04 |~ d/h =4,—+—dh =5
08+ umy ?‘ :
08
0.6
06
XL I
4
0.4
0.4
0.2 02
—«—0= 0, —-—0=15",—+—0=30", —+—0=45", —+—6=60"]
00 T T T T 0.0 + . . .
0 4 8 12 16 20 0 4 8 12 16 20
(C) L, (d) U,

Figure 5.5: The K, versus L/h, for various values of (a) ¢, f,, (b) a,/h,a,/h, (c) &6
and (d) d/h, considering h/4=0.1 and N =1.

In Figure 5.6(a-d), the fluid force experienced by vertical wall K, versus L/h is
reported for single porous structure considering various ranges of structural porosity,
friction factor &, f, in Figure 5.6(a), layer depth a /h, a,/h in Figure 5.6(b), angle
of contact @ in Figure 5.6(c) and structural thickness d /h, in Figure 5.6(d). The surge
in structural porosity and layer depth enhances the K, (as compared with K,) due to

more pore spaces, which allows more waves to pass through the structure. Similarly,
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the surge in the angle of contact and breakwater thickness dissipate the incoming waves
and reduces the wave impact on the vertical wall. However, the harmonic troughs

(where the minimal K, appears) in each test suggest the effective trapping chamber.
But, the comparison between K. (Figure 5.5) K, (Figure 5.6) shows the opposite trend
in wave transformation. The harmonic crest in K, results a harmonic trough in K, for
lower values of structural thickness and angle of contact, which suggests that the
minimal structural thickness can control either K, or K . However, the surge in wave
decay can reduce the harmonic crests and troughs in K, or K, for particular values of

structural thickness and angle of contact (Ramakrishnan, 2011). To strengthen the wave
decay, the oblique wave contact within 30° <& <60° is useful, which can reduce the

K, or K, with minimal structural thickness.

1.0 1.0

5,=0.8,1,= 04, d/h =2, 0=20°, n .= 0.1.]

0.8

0.6 4

04

024

<<<<<<

—+—a/h, =06,a,/h, =04,

~+—a/h, =08 ajh =02
T

a/h=a/h=05,0=20"(—"—¢ =06f =08 —+—¢ =071f =06
dh=2,h/n=01. —+—¢,=08,f =04, —v—5 =09 =02

T
12 16 20

L,

(a)

a /h,=a,/h,=0.5, 0= 20°,

=48 a/h=a/h=0.5dh=2, —+—d/h, =1,—+—dh =2, —+—dh =3,
—v_g=60"|5=08f=04h/=01. h/r=0.1,¢=08,1=04, |-v—dh =4, —+—dh =5
00 T T T “ 00 T T T 7
0 4 8 12 16 20 0 4 8 12 16 20
(C) L, (d) L,

Figure 5.6: The K, versus L/h for various values of (a) ¢, f,, (b) a,/h,a,/h, (c)
0 and (d) d/h, considering h,/4A=0.1 and N =1.
5.4.1.3 Effect of confined spacing on wave trapping

In the present case, two porous structures are placed far away from the vertical wall.

The effect of the confined region W/ h, available between the two porous structures is
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varied to perform the variation of K, asin Figure 5.7(a-d) and fluid force on the vertical
wall K., asin Figure 5.8(a-d) considering various values of (a) porosity, friction factor
(b) layer depth (c) angle of contact and (d) structural width. The higher values of
breakwater porosity enhance the harmonic peaks and troughs in K, (Figure 5.7a) and
cause more wave impact on the vertical wall (Figure 5.8a). In particular, & =0.9 and

f,=0.2 shows higher fluid oscillations between the two porous structures due to the
higher porosity and very minimal friction factor, which causes more oscillations and
clapotis due to multiple interactions of incident waves. As a result of high structural

porosity, the corresponding K, (Figure 5.8a) is observed to be high for & =0.9 and
f, =0.2 due to the minimal wave absorption by the breakwater. The surge in layer depth
a, /'h, shows a slight reduction in K, (Figure 5.7b) at each of the harmonic crest and
trough. But there is a significant increase in K, (Figure 5.8b) due to the change in
cumulative porosity. The increase in surface layer depth enhances the volume of pore

spaces and allows the more waves to pass through the structure, which results in higher

K, for higher values of &, /h, =0.8 as compared to lower values of &, /h =0.2.
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Figure 5.7: The K, versus w/h_ for various values of (a) ¢, f,, (b) &, /h,a,/h, (c)

0 and (d) d/h, considering h,/2=0.2 and N =2.
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0.8 0.30
a/h=a/h=05dh=2 ?
074 |Lh=2,0=20° h/n=0.2, /WW\JW\
d/h=d/h=1. 0259
0.6 4
0.20 - g ; g ;
0.5+ +

¥ 044 ; —+—¢,=0.6,f =0.8, —+—¢ =07, =06, X
—+—¢, =08, f =04, —v—¢ =0.9,f =0.2.

0.3+ + + + 0.10 o i
WWM —r—a/h=02a/h, =08, A= 2,0 k202, 4

0.2 0.05 7-7a1/h1 =04, azlh1 =06, || =0.8, f‘ =04,
NN NN NN NN —s—ah,=06,a/h, =04, || Uh=2,0= 20,

014 —~v—a/h =08a/h =02 d/h=d/Mh=1 =

T T T T 0.00 T T T T
0 4 8 12 16 20 0 4 8 12 16 20
(a) whh, (b) wih,

h/r=02,¢ =08,f =0.4,0=20° Ll =2,
|[a/n,=a/n, =05 d/h=d/n=1.

~+dh,=1,—=—dh, =2, —+—dh, =3
~ & 0a | —dh,=4,—c—dn =5 .
0.LW\MW

o
o [h/2=02,¢ =08,f =04,
. g=45|a/h=2/h=05dh=2,
0.12+4{—+—g=60%| /=2 d/h=d/h=1

T T
0 4 8 12

© (d)
Figure 5.8: The K, versus w/h, for various values of (a) &, f;, (b) a,/h,a,/h, (c)
@ and (d) d/h, considering h/1=0.2 and N =2.

The enhance in the angle of contact ¢ reduces the harmonic peaks and troughs in K,
(Figure 5.7c) and K, (Figure 5.8c) due to the formation of standing waves. The
minimal structural thickness depicts the higher fluid oscillations in K, (Figure 5.7d)

and K, (Figure 5.8d) for variable free spacing w/h, due to minimal energy damping.

Moreover, higher structural thickness shows minimal fluid oscillations due to the higher

energy absorption. However, the gradual decrease in K, is obtained for various values
of breakwater thickness. The structural width d / h, shows very minimal impacton K,
within 3<d /h <5. Which suggests that the d / h, =3 is suitable to control the incident

wavelength of h /1 =0.2 using double stratified porous structures placed away from

the vertical wall.

5.4.1.4 Effect of structural thickness on wave trapping

The trapping of incident waves is analysed for three porous structures having double

porous layers placed far away from the vertical wall. The wave reflection K, versus

d /h, is presented for variable layer depth &, / h, and trapping chamber L/h, in Figure

157



Gravity wave damping by stratified porous structures

5.9(a,b). The increase in layer depth reduces K, due to enhance in wave decay and all
the combinations of & /h, shows almost zero K, at d/h =2.7 which is termed as
effective structural width. Thereafter, uniform values in K, is noted with the minimal
oscillatory pattern. However, the gradual decrease in K, is obtained for a gradual
increase in &, / h, due to the enhance in pore spaces in the surface porous layer. On the
other hand, the enhance in trapping chamber L/h shows the high oscillations in K,
for variable structural thickness within 0.01<d/h <8. Moreover, d/h =8 is
observed to be first converging point and, the full convergence in K, for all the values
of L/h isobservedat d/h =11. This suggests that the structural thickness d /h =11

exceeding the incident wavelength h /A =0.1(where d/A=1.1) and the present

breakwater can be referred as semi-infinite structure, which absorbs the whole incident

waves and allows very minimal wave transmission. Hence, the role of the trapping
chamber L/h, is very minimal on the wave reflection in the case of a semi-infinite
porous structure.
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Figure 5.9: The K, versus d/h for various values of (a) & /h,a,/h and (b) L/h
considering h, /4=0.1 and N =3.

5.4.1.5 Effect of angle of contact on wave trapping

The wave reflection K, versus @ due to four stratified porous structures consisting of

two-porous layers placed away from the vertical wall is presented considering variable

trapping chamber and structural thickness with (a) d/h =2 (Figure 5.10a) and (b)

d/h =4 (Figure 5.10b). In the case of minimal structural thickness d/h =2, an
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oscillating pattern in K, is obtained and d/h =4 shows a considerable decrease in
K, with the increase in L/h. However, in the present case two critical angles are

obtained in K, for irrespective values of the trapping chamber. However, the primary
critical angle (Figure 5.10b) is observed to be moving towards the left and secondary

critical angle is observed at & =70° due to the dominance of standing waves.
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Figure 5.10: The K, versus ¢ for various values of L/h, (a) d/h =2 and (b)
d/h =4 considering h/1=0.1 and N =4.

5.4.1.6 Comparative study between the multiple porous structures of uniform width
The comparative study is performed between the single and multiple porous structures
on considering the uniform thickness. The single porous structure thickness d/h, is

uniformly separated into multiple structures to study the effect of free spacing on wave

trapping. Figure 5.11(a-d) shows the variation of wave reflection K, and fluid force
experienced by a vertical wall K., considering h /4=0.1 (Figure 5.11a,b) and

h /A2=0.2 (Figure 5.11c,d). The increase in the number of structures shows a very
minimal role in reducing the K, (Figure 5.11a) and K, (Figure 5.11b) due to higher
wavelength and minimal structural thickness. However, in the case of h, /1 =0.2, the
increase in the number of structures shows a significant enhancement in K, and
considerable reduction in K,, at each of the harmonic crest and trough due to the

constructive and destructive interferences and cushion effect (incident wave decay in
the free spacing between the structures). The study suggests that the cushion effect

plays a negligible role in the case of higher wavelength h /1 =0.1 (Figure 5.11a,b)
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and effective role in the case of moderate wavelength h /4 =0.2 (Figure 5.11c,d) for

fixed structural thickness.
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Figure 5.11: Comparative study of (a,c) K, and (b,d) Ky, versus L/h, for single and
multiple structures with uniform structural width considering (a,b) h, /1 =0.1 and (c,d)
h/41=0.2.

Similarly, in Figure 5.12(a-d), the K, (Figure 5.12a,c) and K., (Figure 5.12b,d) are

presented considering variable thickness (adding the number of porous structures

d;/h =1 for j=12,3 40f identical thickness). The harmonic crests and troughs are

observed to be reducing with enhance in the number of structures due to the increase in

wave decay and cushion effect (Somervell et al., 2017) in the multiple confined regions.

The h /A=0.1 shows minimal oscillations in K, (Figure 5.12a) and K, (Figure
5.12b) as compared with h /1 =0.2 due to change in structural width. The variation
between each of harmonic crest and trough is observed to be high for h /4 =0.1 as
compared with h, /4 =0.2. Inaddition, h, / A =0.2 widens the oscillations and reduces
the variation between each of harmonic crest and trough. Almost uniform values of K,

(Figure 5.12c) and K, (Figure 5.12d) are obtained for three and four structures having

two horizontal porous layers. The uniform values in K, and K., are obtained due to
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enhance in wave decay and cushion effect by the addition of each porous structure. (Liu
et al., 2016; Vijay et al., 2020).
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Figure 5.12: Comparative study of (a,c) K, and (b,d) K, versus L/h for single and
multiple structures with variable structural width considering (a,b) h, /4 =0.1 and (c,d)
h/41=0.2.

5.4.1.7 Effect of bottom rigid layer on wave trapping

The wave motion over bottom rigid objects of various shapes and various positions
(Manisha et al., 2019) is well reported in the literature, which is useful in regulating the
deposition of sand (Kaligatla et al., 2017; Kaligatla et al., 2019). Moreover, uniform
seabed is difficult to locate in the actual field. In the present study, the wave motion
through two-layered porous structures placed on the rigid layer away from the various

walls is studied. The porous structure is separated into two porous layers (surface and

bottom layer) and a rigid bottom layer. The K, due to the variation of the bottom rigid
layer is presented in Figure 5.13(a-b) considering h /A4=0.1 (Figure 5.13a) and
h /42 =0.2 (Figure 5.13b). The increase in bottom rigid layer height a, / h, reduces the

two porous layers height due to fixed structural depth a +a,+a,=h. The K, is

observed to be increasing with enhance in the bottom rigid layer height. The variation
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between the two-layer a,/h =0 and three-layer structure a, /h, =0.1 is evident in the
analysis of stratified porous structures. The effective structural width is identified at

d/h =22 for h /A1=0.1 (location of almost zero wave reflection/wave trapping). In
fact, the h, /4 =0.2 also shows a similar trend as in h, / 4 =0.1, butthe surge in a, /h,
shows the gradual increase in K, due to reduction in wavelength. However, it is clear
that the rigid bottom layer has more impact for h /41=0.2 as compared with
h /A =0.1. Itis also observed that the consistency value of K, is observed for variable
structural thickness in the case of d/h >10 for h/A=0.1 and d/h >5 for
h, / A =0.2. This is the most common phenomenon in the vicinity of wave-induced flow
through porous structures. The theory behind the consistent values in K, is that, if the

structural thickness is exceeded the incident wavelength, then the porous structure will

behave as a semi-infinite structure.
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Figure 5.14: The K, versus w/ h, for various values of a,/h,a,/h,a,/h considering
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The K, due to three porous structures having three-layers is presented for variable

bottom rigid layer height in Figure 5.14(a-b). The porous structure thickness is
considered to be variable such as d =0.25w (Figure 5.14a) and d =0.5w (Figure

5.14b). Thus, the increase in W/h, enhances the structural thickness d/h,, which
reduces the wave impact on shoreward regions. The K, is observed to be reducing on
increasing W/ h, in terms of harmonic/ sub-harmonic peaks and troughs. The harmonic
peaks are developed due to the fluid oscillations within the confined regions and K,

reduce for higher w/h, due to the enhance in wave damping. The cushion effect may
be dominant in the present structural configuration due to multiple confined/free-water
regions. The harmonic peaks and troughs are observed to be minimal for higher

structural width d =0.5w as compared with minimal structural width d =0.25w.
Moreover, the increase in bottom rigid layer height a, / h, enhances the K., due to zero-

flow condition applied at each of the rigid interfaces. The study strongly suggests that
the harmonic troughs (which are treated as effective wave trapping points) are evident

in the design of offshore breakwaters for the effective life span of the structure.

5.4.1.8 Comparative study between the multiple porous structures of variable width

A comparative study is performed between the four structural configurations such as
breakwater with moderate porosity (Configuration C1), breakwater with higher porosity
(Configuration C,), two-layered porous structure (Configuration Cz) and three-layered

porous structure (Configuration C4) as in Table 5.1.

Table 5.1: Various types of structural configurations for comparative study.

Model name Surface porous layer Middle porous layer | Rigid layer
81 fl 82 f2 a3 / hl
Configuration C1 0.5 1.0 0.5 1.0 0
Configuration C, 0.8 0.4 0.8 0.4 0
Configuration Cs 0.5 1.0 0.8 0.4 0
Configuration C4 0.5 1.0 0.8 0.4 0.2

In Figure 5.15(a-d), the wave reflection K, due to one structure (Figure 5.15a), two

structures (Figure 5.15b), three structures (Figure 5.15c) and four structures (Figure

163



Gravity wave damping by stratified porous structures

5.15d) having different structural configurations as in Table 1 are analysed. In the case
of the single porous structure (Figure 5.15a), the configurations C1, Cz, C3 and C4 show
almost consistent harmonic peaks and troughs. On adding the second structure (Figure

5.15b), the significant reduction in K. is achieved as compared with a single structure,

which is due to the damping effect of wave-induced flow through permeable structures

and cushion effect due to the presence of confined region. In the case of a single porous
structure, the variation in K, for four configurations is observed at each of the harmonic
peaks and troughs. But, in the case of two porous structures (Figure 5.15b), the variation
in K, between the four configurations is observed to be little high as compared with a
single structure (Figure 5.15a). In addition, the three (Figure 5.15c) and four structures
(Figure 5.15d) shows minimum values of K. and minor harmonic peaks and troughs

as compared with the one and two porous structures due to the combined effect of wave
damping and wave trapping in the multiple confined regions. However, in the case of
three/four porous structures (Figure 5.15c,d), the configuration C1 shows almost

consistent K, due to the destructive interferences and configuration C. shows the very
high variation in K, between the harmonic peaks and troughs due to the free fluid
oscillation in the presence of high porosity. However, the Configuration Cs (Figure
5.15c) and C4 (Figure 5.15d) present the moderate values in K., which vary within Cy
and C: in an oscillatory manner. The Configuration C4 shows little high values of K,

as compared with Cz due to the presence of rigid bottom layer, which helps in on wave

trapping and reduces the fluid force on the vertical wall.

On the other hand, in Figure 5.16(a-d), the wave force on a vertical wall K, in the

presence of one structure (Figure 5.16a), two structures (Figure 5.16b), three structures

(Figure 5.16c), and four structures (Figure 5.16d) considering various configurations as

in Table 1 are analysed. An opposite trend is observed in K, as compared with K, for

all the combinations and configurations discussed above. The configuration C1 shows

the minimal values of K, with maximum values of K, and configuration C2 shows
the maximum values of K, with minimum values of K . However, the stratified

porous structure is able to distribute the incident wave energy in the form of K, and
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K,,, Which is observed to be varying (configurations C3 and Cas) within the

configuration C; (structure of moderate porosity) and C» (structure of high porosity).
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The study suggests that, the ideal porous structure must perform minimal values of
wave reflection, the fluid force on the wall for a better life span of the breakwater.

Hence, the minimal K, and K, is possible with stratified structures and series of

stratified structures shows the better values in wave trapping as compared with single

structure due to the effective wave trapping in the multiple confined free-water regions.
5.4.1.9 Effect of submerged structures on wave trapping

In the present case, a submerged porous structure is placed on a rigid layer and kept far
away from the vertical wall. The wave reflection K, due to two submerged structures
with the vertical wall is reported in Figure 5.17(a-b) on changing each layer depth

(Figure 5.17a) and angle of incidence (Figure 5.17b). The K, is observed to be high for
lower values of d/h and the full-wave reflection K, =1 is obtained due to the
presence of a vertical wall. However, increasing the d /h shows a sharp reduction of
K, in an oscillatory manner. Since the structures are deeply submerged, there exists a
harmonic peak, sub-harmonic peaks and troughs in K, for variable d/h within

0.01<d/h, <10 due to the dominance of fluid oscillations in the upper region.
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Figure 5.17: The K, versus d/h, for various values of (a) & /h,a,/h,a,/h (b) &
considering h,/1=0.2 and N =2.

In addition, the increase in the bottom layer changes the depth of the porous structure

and lower values of a, / h, shows minimal K, and higher values of a, / h, shows higher
K,. However, the consistent values of K, is observed for a variable d/h, within

10<d/h, <20. On the other hand, the increase in & shows the gradual reduction in
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K.. Particularly, &=60° shows very minimal values of K, due to the effect of standing
waves, which is generally termed as the critical angle. In addition, the consistent values

in K, is observed for variable 8 within 10<d /h <20, which is similar to the previous
case (Figure 5.17a). Moreover, in both the situations the consistent values in K, is
observed for d /h >10 or d /A >2. Similarly, in the case of two/three-layered porous

structures, the consistent values in K, is observed for d /A >1, which shows that the

finite porous structure can be called as semi-infinite structures based on the structural
position. If the structure is constructed till free surface the finite structure behaves as

the semi-infinite structure for d /A >1 and for submerged structures d / 1 > 2.

5.4.2 Effect of the semi-infinite permeable wall with porous structures on wave
trapping
In the present case, the porous structures are placed far away from the permeable wall

and the dimensionless thickness of the permeable wall is considered to be semi-infinite,

which is more than the incident wavelength d /A >1.

5.4.2.1 Effect of the permeable wall on wave reflection

In Figure 5.18(a-b), the wave reflection K, due to double porous structures away from
the permeable wall is presented on considering the variable angle of incidence. Two
different structural configurations such as a two-layered structure (Figure 5.18a) and
submerged structures (Figure 5.18b) are proposed for coastal protection. The change in

the confined region w/h, shows the harmonic peaks, sub-harmonic peaks with troughs

in K, for all the values of angle of incidence. The K, by two-layered porous structure
is minimal as compared with the submerged structures due to the energy damping. In
both cases the & =60° shows the very minimal values of wave reflection K, due to the

formation of standing waves. However, the variation between each of the harmonic
peaks and trough is higher for a two-layered structure as compared with submerged
structures due to the effect of fluid oscillations in the confined region. As the study
stated in the above section, the thickness of the permeable wall is infinite in nature,
which absorbs whole wave energy and performs the zero-wave transmission. In the case

of a two-layered structure, the effect of the permeable wall is minimal on wave
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reflection K, as compared to the results obtained for the submerged structures under

oblique wave incidence.
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Figure 5.18: The K, versus w/h, for various values of @ in the presence of (a) two-

layered and (b) submerged structure away from permeable wall considering h, /1 =0.2
and N =2.

5.4.2.2 Comparative study of stratified porous structures away from permeable wall

The wave trapping by various types of structural configurations as in Table 1 are
analysed and compared in the presence of the permeable wall. Figure 5.19(a-b) shows
the K, due to four configurations C1, Cz, Cz and C4 on changing the structural thickness

(Figure 5.19a) and angle of incidence (Figure 5.19b).

10
- Configuration C | l: m — = — Configuration C| l:év I:II
— *— Configuration C,| —+— Configuration C,|
0.8 +-|— « — Configuration C| e s e 2 0.8 |+ — Configuration C e R
— v — Configuration C, —+— Configuration C | N N
=

0.4

0.6 4

F SRR IS FF,  FREFTEFFTREETR

04

0.2+ 024

0.0

0.0

T T : T
: T T T T
0 4 8 12 16 20 0 15 30 45 60 75 %

(a) dlh, (b) 0
Figure 5.19: The K, versus (@) d/h and (b) & considering various structural
configurations in the presence of the permeable wall.

The minor oscillations are observed for a variable d/h within 0.01<d/h <8,
thereafter a consistent values in K, is obtained. In addition, the configuration C1 shows
the minor variation in K, as compared with configuration C> and Ca. Similarly, in the

case of the variable angle of incidence, the primary critical angle is observed at 8 = 45°
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and secondary critical angle is identified at @ =60° which is observed to be an effective
range of angle of incidence for the design and construction of stratified structures.
Specifically, the variation between C, and C4 is observed to be minimal in the case of

variable d /h (Figure 5.19a) and & (Figure 5.19b). In the presence of a vertical wall
(Figure 5.15 and 5.16) the configuration C4 shows minimal values of K, as compared
with configuration C». But in the present case, the configuration C, and C4 show almost

similar values of K, which may be due to the damping effect of the permeable wall.

5.4.3 Effect of the stepped wall with porous structures on wave trapping

The stepped walls are the most common coastal structures, which are constructed in
various locations such as Wheelers bay in England, Dahanu in India. To protect the

stepped wall from incident wave energy impact, a pair of stratified porous structures

are placed away from the stepped wall. The two rigid steps with finite width (L, /h,)

and depth (h,,, /h;) are considered. The wave reflection K, due to stratified porous

j+1

structures away from the stepped wall is studied on changing various parameters.

5.4.3.1 Effect of the confined region on wave trapping

In Figure 5.20(a-d), the wave reflection K, due to change in structural porosity &, f;
(Figure 5.20a), angle of incidence @ (Figure 5.20b), structural thickness d /h, (Figure
5.20c) and rigid step width L, /h (Figure 5.20d) are analysed. The lower values of
structural porosity show the minimal variation in K, between each harmonic peak and

trough. The higher values of &, f; enlargers the oscillations in K, and, the sub-

harmonic peaks and troughs within primary peaks and troughs are noticed may be due

to the presence of the stepped wall. In the case of a change in the angle of incidence &
(Figure 5.20b), a slight reduction is noted in K, for higher values of &, which may be

due to the presence of submerged structures with stepped seawall. Similarly, the

variation in d / h, (Figure 5.20c) presents the multiple critical angles and very minimal
K, due to wave trapping. The lower values of d/h show higher oscillation as

compared with higher values of d /h, due to the combined effect of wave damping and
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wave trapping. The effect of each step width available in the stepped wall is analysed
on considering the variable angle of contact in Figure 5.20(d). The K, is observed to
be varying in oscillatory nature due to the full/partial clapotis. Particularly, the variable

step width L, /h, shows the initial harmonic trough at # =15° then, a harmonic crest

at @ =45° and again a harmonic trough at & =45" due to the formation of standing
waves. The increase in rigid step width L /h shows a minimal variation in K, with a
phase shift at each of the harmonic crest and trough. Thus, the study shows that the

stepped wall with porous structures has a significant role in wave trapping, which is

recommended for oblique wave attenuation.
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Figure 5.20: The K, due to triple-layered porous structure with the change in (a) &, f;
(b) @ (c) d/h and (d) L /h, considering h/2=0.2 and N =2.

5.4.4 Comparative study between vertical, permeable and stepped wall

In Figure 5.21(a-b), the comparative study is presented between the vertical wall,
permeable wall and stepped wall considering a pair of three-layered porous structures

(Figure 5.21a) and pair of submerged two-layered porous structures (Figure 5.21b). The
K, due to the vertical wall shows the minor oscillations as compared with the stepped

wall and permeable wall in the presence of three-layered and two-layered porous
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structures. However, the harmonic peaks in wave reflection K, due to the vertical wall

are almost the same as observed for stepped and permeable walls. In addition, the
stepped wall and permeable walls show minimal harmonic troughs as compared with

the vertical wall.

Rl Rl A I

¢,=08,f =10,0=20"d/h=d/h=10, - ‘s/g'pizz'dcw;l ; 17
= = = 5. = - i iff — - — —a_ e=1,f=
o a/h=04, a/h=04 a/h=02 h/=02 . _ Permeable wall oo [ Vertlcalycllff, Ste?ped wall, ' Permeable v‘:aﬂ\ =1
0 . 8 1 16 20 0 4 8 12 16 2
(a) wih, (b) wh,

Figure 5.21: The K, due to (a) triple-layered and (b) submerged porous structures in
the presence of vertical wall, stepped wall and permeable wall considering h, / 1 =0.2.

The stepped wall encourages the sub-harmonic peaks and troughs in K, which may be

due to the effect of vortex formation (Ting and Kim., 1994; Koley et al., 2014) at the

tip of each rigid step. Overall, the stepped wall shows reasonably good values in K, as

compared with the vertical wall, and the permeable wall shows minimum values of K,

as compared with the vertical wall in the presence of three-layered porous structures.

In the case of two submerged porous structures, the permeable wall shows the minimal
values of K, as compared with vertical/stepped walls. From a physical point of view,

the permeable wall requires a high quantity of construction material as compared with
the stepped wall, and the stepped wall requires little more construction material as
compared with the vertical wall. Hence, the present study suggests that the stepped wall
or vertical wall with stratified porous structures consisting of three layers is the best

option for the protection of mainlands from oblique incident waves.

5.5 CLOSURE

The oblique wave interaction with multiple stratified porous structures away from the
vertical wall, permeable wall and stepped wall is analysed based on matched
eigenfunction expansion method. The following conclusions are drawn from the

present study:
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e The analytical results obtained from the present study are well agreed with the
previous experimental and numerical results by Dattatri et al. (1978),
Mallayachari and Sundar (1994), Twu and Chieu (2000) and Zhu and Chwang
(2001).

e The minimal K, and K, is possible with stratified porous structures as
compared with the structure of uniform porosity and friction factor and also, the

multiple stratified porous structures show better values in K, and K,, as

compared with a single structure due to the cushion effect.

e The little high K, and little low K., is obtained for a three-layered structure as

compared with a two-layered porous structure due to the bottom rigid layer.

e  The harmonic peaks and troughs in K, and K, are observed to be varying for

the variable trapping chamber, and the magnitude of harmonic oscillations can be
reduced with higher structural thickness.

e  The structure of finite thickness can be called as semi-infinite structures based on
the structural position. If the structure is constructed till free surface the finite
structure behaves as the semi-infinite structure for d/A>1 and submerged
structures act as semi-infinite structures for d/A>2.

e The trapping chamber shows a very minimal role in the case of the semi-infinite
structure due to the higher structural width and high wave damping.

e The effect of the permeable wall is minimal on K, in the presence of fully-

extended porous structures as compared with submerged structures.

e The increase in rigid step width L, /h, (available in the stepped wall) shows a
minimal variation of K, in an oscillatory manner due to the zero flow condition.

e The permeable wall requires a high quantity of construction material as compared
with the vertical and stepped wall. So, the present study suggests that the stepped/
vertical wall with stratified porous structures can be unique solution for the

protection of mainlands from oblique incident waves.

172



CHAPTER 6

WAVE TRANSFORMATION DUE TO VERTICALLY
STRATIFIED POROUS STRUCTURES

6.1 GENERAL INTRODUCTION

The gravity wave damping due to the presence of fully-extended structures in the
offshore regions is of immense interest in the protection of offshore facilities from
incoming wave attack. Different types of coastal structures have been examined widely
using experimental and theoretical techniques (Rajendra et al., 2017) and still, it is a
subject of great interest. Most of the studies reported that the porous structures are one
of the best solutions for wave attenuation and also regulates the wave energy in the
seaward and leeward open water regions. In general, the porous structures with highly
dissipative media can reduce wave reflection but the high energy damping can be
achieved with low dissipative media and high porosity with the large thickness of the
structure (Twu et al., 2002). The wave transformation by the porous structure with
uniform porosity and friction factor has been studied widely to attenuate the wave
energy (Sollitt and Cross, 1972; Rojanakamthorn et al., 1989; Dalrymple et al., 1991).
Numerous researchers proved that the hydrodynamic performance of the porous
structure using the theoretical approach agrees well with the experimental results
(Kondo and Toma, 1972; Sollitt and Cross, 1972; Sulisz, 1985; Twu and Lin, 1990;
Ramakrishnan, 2011 Somervell et al., 2017). To accelerate the performance of the
porous structure, various novel design techniques are considered and implemented in
the offshore region. The most challenging task for coastal engineers is, a breakwater
must perform minimal wave reflection, minimal wave transmission and higher wave
damping using minimal construction material. It is observed that fully extended porous
structures with uniform porosity are better options to enhance wave damping and the
performance needs to be improved using new techniques. The high wave energy
damping due to the progressive wave absorber (multiple layers) was introduced by Le
Méhauté (1972) and analysis was performed using the numerical approach considering

the multiple damping materials. The theoretical outcomes are validated with the
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experimental results and a good agreement is obtained between both the methods.
Afterward, an attempt was made by Twu and Chieu (2000) to adopt multiple porosities
in a single porous structure placed on the uniform seabed to dissipate the maximum
wave energy. Two-layered and three-layered porous structures are thoroughly analysed
using the hydraulic tests in the presence of the multiple porosities and friction factors.
The methodology as in Goda and Suzuki (1977) was used to separate the incident and
reflected waves in the experimental investigation. The study reported that, for the
structures allowing high wave reflection, the foundation failure might result in the
process of wave damping. Afterward, Twu et al. (2001, 2002) extended the study for
deeply submerged porous bars with multiple porous slices. The study revealed that the
multi-layered porous structure could be constructed for partial shelter to the shores from
high wave attack and the application of multiple porosities provides more emphasis on
wave blocking. The previous studies by Twu et al. (2001, 2002) suggested the multi-
layered concept for better wave blocking but variation in seabed characteristics and
impact of the rear wall in the presence of stratified porous structure is still far from
complete. The literature survey to date suggests that no studies are performed for the
stratified porous structure with the varying seabed. So, the inclusion of seabed
characteristics and stratified porous structure has wide application in the protection of

offshore facilities by attenuating the incident wave height.

In the present study, the stratified porous structure placed on the uniform seabed is
examined and further the study is extended for the analysis of elevated seabed and
stepped seabed conditions. The stratified porous structure is examined in three different
configurations such as (a) stratified porous structure with finite thickness (b) porous
structure backed by the wall and (c) porous structure placed far away from the leeward
wall. The study is performed for nine different conditions (three different structures
placed on three different seabed characteristics) based on linearized wave theory using
finite water depth and long-wave approximation. The closed-form solution is presented
for the stratified porous structure using the eigenfunction expansion method, which is
adopted for all the individual structural configurations. The direct analytical relations
are presented for two-layer and three-layer stratified porous structures in the presence
of the leeward wall. As a special case, the wave scattering by submerged stepped/

elevated seabed in the absence of porous objects is presented. The numerical approach
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used in the present study is validated with experimental results available in the
literature. Finally, the significance of multiple porosities, friction factors, angle of
incidence, structural width and width between the structure and back wall/confined
region on wave scattering and wave trapping is investigated in the presence of stratified

porous structure lying on the uniform, elevated and stepped seabed cases.

6.2 MATHEMATICAL FORMULATION

The porous structure is assumed to composed of multiple layers and each layer
consisting of different porosities and friction factors with finite thickness (Figure 6.1).
The significance of multiple porosities and friction factors in a single porous structure
is studied in the presence and absence of leeward wall with variation in rigid seabed
characteristics (uniform, elevated and stepped seabed). The 3D Cartesian coordinate
system is employed having x — z being the oblique wave direction towards the structure

and Yy —axis being vertical downward positive. It is assumed that the porous structure
is divided into N number of layers considering individual porosity and friction in each

of the layers. The oblique wave interacts with the stratified porous structure at x =—b,

and propagates through the structure. The fluid is assumed to occupy the region

UN+1I. with Ilz(—b1<x<oo,0<y<hl), Ijz(—bj_1<x<—bj,0<y<hj) for

j=1
j=23...Nandl, =(-0<x<-by,0<y<hy,)with Ze(—o0,0) forall 1, inthe
absence of the rear wall. On the other hand, in the case of the leeward vertical wall
Iy =(-by —L<x<-b,,0<y<hy.,) with z&(—o0,) forall I ;- Itis assumed that
the fluid is inviscid, incompressible with the irrotational flow and simple harmonic in

time with angular frequency . So the velocity potentials @ (X, Y, Z,t) and the free
surface deflection & (X, z,t) are of the form of @, (x,y,z,t)=Re{g, (x,y)e" | along

with ¢, (x,z,t)=Re{n, (x)e"}. The Re shows the real part of complex expression

and | is the wavenumber component in the z—direction. Thus, the spatial velocity

potential ¢,(x,y) for | =1,2,...,(N +1) satisfies the Helmholtz equation given by

O°4; (X, Y) s O°g;(x,y)

P PY: ~1’4,(x,y)=0,  for O<y<h, (6.1)
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In addition, the velocity potential ¢, for ] =1,2,...,(N +1) satisfies the linearized free

surface boundary condition is given by,

0N g xy)=0 at y=0 (6.2)

where T'; = o’ /g for j=1 and (N +1) at seaward and leeward open water regions,
2 - - -

I, =w°(S+if;)/g for j=2,3..,N at porous structures regions and N depends on

the number of porous layers, S is the inertial effect, f; is the fiction factor and I isan

imaginary number.

Fr{sAurface Stratifiewous block lncidentw% z

0
—» X
T ///
o e
...... P S/
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/
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X=-bn-L Xx=-byn - X=-bz x=-by
Figure 6.1: Stratified porous structure placed on the varying seabed with leeward wall.

The ocean bed is assumed to be impermeable and the no-flow condition upon

impermeable seabed is given by

0¢. (X, i
M:0 at y=h,, j=12,..,(N+1). (6.3a)
The present study deals with the relevance of uniform, elevated and stepped seabed
cases on the wave transformation. The sloping seabed is approximated into multiple

impermeable steps to adopt the multiple porosities, impendence of the porous medium

(G =S— ifj) and the velocity near to each impermeable step is given by

o (X, .
99N o x=-b, j=12,...,N. (6.3b)

]
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The significance of leeward wall with the confined region on wave transformation is

investigated and the zero-flow condition at the impermeable wall is of the form

0g; (X, y)
OX

However, the dynamic pressure and velocity are continuous at the interfaces satisfying

=0 at x=—(by+L) for j=N+1 (6.4)

the matching equations. The fluid motion between seaward open water region, seaward
porous layer, wave motion through a multi-layered porous medium and the wave
propagation between leeside porous layer and leeward open water region along the

horizontal X —direction is given by

#(X,Y)=Gd,(x,y) and ¢,(x,y)=¢&d,(X,y) at x=-D, (6.5a)

Gi.g;(x,¥)=G;d..(x,y) and & ¢, (X,y) = 8j¢(j+1)x (x,y) at x=-b,

) (6.5b)
for j=2,3,...,N-1,

GN—1¢N (X, y) = ¢N+1(X’ y) and gN—l¢Nx(X’ y) = ¢(N+1)X(X, y) at x= _bN 1 (6-5C)

where ¢, is the porosity of each vertical layer, i is the imaginary number and

j=12,..N is the number of porous layers. The inertia and friction factor (Sollitt and

Cross, 1972) are determined based on the relation given by

1-¢.
S=1+An{ '}, (6.6a)
€]
t+T C c.
dv | & ﬂ+#q3 t
f_l\'/[ '!. J[Kp \/K7p|| (6.6b)
i~ t+T ! '
@ Jav [ &0t
v t

where An is virtual added mass coefficient, q is instantaneous Eulerian velocity vector

at any point, v is kinematic viscosity, K is intrinsic permeability, C, is the

p
dimensionless turbulent resistant coefficient, V is volume and T is the wave period.
The medium reactance is usually treated as unity due to a negligible added mass
coefficient (Sollitt and Cross, 1972; Dalrymple et al., 1991; Liu and Li, 2013) as the
structure is in a fixed position. The far-field radiation condition in the absence of the

rear wall is of the form
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(loe ™" +Ree™ ) fo(y) 8 x> oo,

#;(x)= ( (6.7)

=Ky 410X
T(N+l)0e " )f(N+l)O(y) as X— —oo,

where Ry, is the complex amplitude of the reflected wave and T, is complex

0
amplitude of transmitted wave from the porous structure. The complex amplitude
representing the progressive incident wave |, is considered to be unity. The
wavenumber y,, for j=1and (N +1) is the positive real roots in open water region

satisfy the dispersion relation given by
w® =gy, tanh y;oh;. (6.8a)

The wavenumber y,, for j=2,3,...,N in the case of fully-extended porous structure

satisfy the complex dispersion relation is given by
w*(S+if,) =gy, tanh y;oh;. (6.8b)

The dispersion relations for the case of long-wave approximation (Dalrymple et al.,
1991) is of the form

o’ =gyih, for j=1land (N +1) (6.9a)
o’ (S+if;) =gyih, for j=2,3..,N (6.9b)
where o is the wave frequency, g is gravitational constant, y;, is the wavenumber and

h, for j=12,..(N +1) is the water depth in open water and multiple porous structure

regions. The Newton-Raphson method is employed to solve the dispersion relation for
the open water region. The complex dispersion relation of each of the porous structure

region is solved using the perturbation method (Mendez and Losada, 2004).

6.3 METHOD OF SOLUTION

The present study is focused on the influence of stratified porous structures on wave
transformation to increase wave damping and decrease wave reflection and
transmission with multiple impedance of the porous medium. Further, the study is
extended to analyse the significance of seabed characteristics (uniform seabed, elevated
seabed and stepped seabed) on wave scattering in the case of finite water depth and

long-wave approximations.
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6.3.1 Porous structure in the absence of leeward wall

In this section, the general formulation along with mode-coupling relation is presented

for stratified porous structure placed on various types of seabed.
6.3.1.1 Finite water depth

The velocity potentials for the open water and multiple porous structure regions in the

absence of the seawall is given by

B y) = { Lg% L Rl 1 () 4 3 (R, e, (y),

n=1 (6108.)
for —b, <x<o, 0<y<h,
S o (x+b; 4 ikm(x+m)}
+B, e f. ,
Z;,{ i n(Y) (6.100)

for —bj <x<—bj_l,0<y<hj, 1=2,3,....N

¢N +1 (X’ y) = {T(N +1)Oe7ik(N+1)0(X+bN } N+1 O(y) + Z{ N+l R (X+bN)} f(N+1)n (y)!

for —o<x<-b,, O0<y<hy,,.

(6.10c¢)

where R, A

in?

B, and T, for n=0123,.. and j=2,3.. N are the arbitrary
complex unknowns to be determined.

The eigenfunctions f, (y) ineach of the regions are given by

coshy;, (h; - )
coshy;,h,

forn=0,12,.... (6.11)

fm(y):

The eigenvalues y,, for j=1,2,3,..,(N +1) satisfy the open water and porous
structure dispersion relations given by

o’ =gy, tanhy,h, for j=land (N+1), n=0, (6.12a)

w’(S+if,) =gy, tanhy h, for j=23..,N, n=012,.., (6.12b)
with Yin =ly;, for n=123,... in the case of open water region, Kin is wave number
in x—direction, y,, is wave number in y—direction, |=7y,Sin@, k,, =y, cos0, 0 is
the angle of incidence. In addition, there are purely imaginary roots y; —with

ijn - kan —1?2 for n=12,3,....
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The eigenfunctions for the open water region and multiple porous structure regions

fi(y), J=12,3,....,(N +1) satisfy the orthogonal relation given by

<f ¢ > B 0 for m=n, d<f ¢ > B 0 for m=n, 6.13
it om/jaand(va) | C! for m=n, AN Tim/ a5 = C! for m=n, (6.13)

with respect to the orthogonal mode-coupling relation defined by

(Finr Fi) s I Fin (V) T (y)ely, (6.143)
h
(i Ty 0 = | fin D F(ay, (6.14b)
0
where C!| 2y,h; +sinh 2y, h, and C” _ 2y .0, +sinh 2y, h,
j=land ( N+l) 4 COSh2 h j=23..N 4 COSh2 h
Vin Vinlh Y in Vinll
for n=0,1,2,.... (6.15)
with C/ |J 1 and (N+1) for n=1,2,3,... are obtained by substituting y;, =iy, for the open

water region.

The continuity of dynamic pressure and velocity at the interface x=-b;,0<y <h; for

j =1 between the open water and porous structure regions as in Equation 6.5(a,c) is
employed with mode-coupling relation as in Equation 6.14(a,b) on velocity potential
¢;(x,y) and ¢, (x,y) with the eigenfunction f, (y) to obtain

hJ

<¢ (X y : ]m £¢J dy G; '[¢j+l X y) Jm(y)dy (6.164a)

form=0,12,... and j=1.

<¢jx (X’ y)’ fjm (Y)>

¢ (% Y) (y)dy:8j£¢(j+l)x(x’ y) fim (y)dy (6.16b)

o '—._:."

for m=0,1,2,... and j=1.
In addition, the continuity pressure and velocity at the interface x=-b;,0<y<h; for

j =N is given by
hj+1

<¢j+1(x’ y)’ f(j+1)m(y)> = _([ ¢]+1(X y) (j+1)m (y)dy :Gi*l _! ¢i (X’ y) f(i+1)m (y)dy (616(;)
form=0,12,.. and j=N
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hj+1 hj+1

(10 06 T (D)= [ 1 (6 ) (N8 =21 [ 63 (609) T gn (¥)

0

for m=0,1,2,... and j=N
(6.16d)

Again, continuity of dynamic pressure and velocity at the interface x=-b,,0<y <h,

for j=2,3...,(N-1) between the multiple porous layers with the different impedance

of the porous medium in the presence of uniform seabed as in Eq. 5(b) is employed

with mode-coupling relation as in Equation 6.14(a,b) on the velocity potential ¢, (x,y)

and ¢, (x,y) with the eigenfunction f () to obtain

h;

Gia (¢ (% Y). fin(¥))= Gj—1j¢j (% Y)Fin (y)dy = Gj,f¢j+1(x’ y) fin (y)dy (6.16¢)

0
form=0,1,2,.. and j=2,3,..,N-1.
h;

(0 09): T (1) = 612 [ 8 0V (V)8 =, [0, (1) T (VY g 19

0
form=0,1,2,.. and j=2,3,..,N-1
In the presence of the elevated and the stepped seabed, the velocity near the rigid step

is considered to be zero as in Equation 6.3(b). The no-flow condition at each

impermeable step (h > h ) is given by

j+1

I¢JX (%, y)f,,(y)dy=0, form=0,1,2,...and j=12,..,N. (6.169)

]+1

The no-flow condition at j=N in the presence of elevated seabed (hJ+l >h. ) at the

leeside open water and leeward porous layer regions is given by

hja
j¢m (% Y)fm (¥)dy =0, form=0,1,2,...and j =N. (6.16h)
h;

However, the porous structure is separated into multiple porous layers with finite

thickness considering different porosity and friction factors. In order to determine the

unknown constants Ry, A;,, B, T, for j=2,3,...,N infinite series sums presented

in? =jnt H(N+1)n
as the algebraic Equation (6.16a) — (6.16f) are truncated with finite M terms and a

linear system of 2(j+1)(M +1) for j=1,2,..N algebraic equations are obtained to
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solve the 2( j+1)(M +1) unknowns. The wave reflection and transmission due to the

stratified porous structure (Behera et al., 2016; Praveen et al., 2020) is given by

Ry

Yinano N7 ohian T
and K, :| (N+1)0 (N+1)0" (N+1) (N l)0|.
‘ Y10 tanh 00y I ‘

The wave energy dissipation due to porous structure is determined based on the relation

K =

r

(6.17a)

10

as in Chwang and Chan (1998) given by
K, =1-K?—KZ. (6.17b)
Equation (6.17a) is applicable for seabed where the depth of seaward and leeward open

water regions are different. But in the case of porous structure placed on uniform depth

in the seaward and leeward regions, the wave reflection and transmission are given by

Ry

10

T
K = (N+1)0 .

r

and K, = (6.17¢)

10

6.3.1.2 Long-wave approximation

The porous structure with multiple layers lying on the uniform seabed, elevated seabed
and stepped seabed is analysed under the assumption of long-wave approximation. The

velocity potentials in the case of porous structure in the absence of leeward wall are of

the form

¢ (X) = 1ge "™ 4+ R @™ for —b < x < oo, (6.184a)
g (x) = Age o) B el for b <x<bj=23,..N, (6.18b)
B (X) =T(N+l)oe_ik<“”)°(x+b“) for —o<x<-b,. (6.18¢)

The wave reflection and transmission coefficients are evaluated using matched edge

condition at the interface x=-b;, j=12,..,N as in Equation (6.5a) — (6.5c) to

determine the unknown constants as in Equation (6.18a) — (6.18c).
6.3.2 Porous structure backed by a leeward wall

To protect the mainlands, various types of seawalls are suggested and examined by
various coastal engineers (Madsen, 1983). In general, the porous wave absorber is one
of the preferable solutions to increase the life span of the seawall by dissipating the
incoming wave energy. The stratified porous structure with seawall is investigated

considering different types of seabed characteristics. In this section, the spacing
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between the porous absorber and seawall is considered as zero. The previous studies
focused on the performance of a porous structure with uniform porosity and friction
factor (Madsen, 1983; Das and Bora, 2014c). The present study deals with the stratified
porous structure backed by the wall with variation in seabed characteristics.

6.3.2.1 Finite water depth

The fluid realm is divided into seaside open water region and multiple porous layer
regions given by

¢1 (X, y) _ { Iloe—ikm(x+b1) n Rloeiklo(xml)} flo (y) n Z{Rlne_Kln(X+bl)}fln (Y),
n=1

for —b, <x<o, 0<y<h,

(6.19a)

B - —ikjy (%+0; ) ik (x+b; )
¢j (X, y)—;{Ajne +Bjne }fjn(y)l (619b)

for —bj < x<—bj_1,0< y < hj, 1=2,3,..,N-1,
(X, ¥) =D {Cyy cOs(Ky, (X+b N}y (y) for —by, <x<-by, 0<y<h,. (6.19c)
n=0
The continuity of dynamic pressure and velocity at interfaces between open water and
porous structure regions along with multiple porous layers due to change in the seabed
as in Equation (6.5a) — (6.5¢) is employed with mode-coupling relation as in Equation

(6.14a,b) on velocity potentials as in Equation (6.19a) — (6.19c¢) with eigenfunction
fjm (y) for j=1,2,...N to obtain the linear system of equations as in Equation (6.16a)-
(6.16f).

6.3.2.2 Long-wave approximation

In the case of long-wave approximations for the porous structure with the leeward wall,

the velocity potentials are given by

¢ (X) = 1,08 "™ 4+ R @™ for —b < x < oo, (6.20a)
8,(x) = Age ") 4 B ") for —b <x<-b ,,j=23.,N-1  (6.20b)
dy (X) =CyoCos{ky,o(x+by)} for —by, <x<-by. (6.20c)

Using the matching edge conditions at the interface as in Equation (6.5a) — (6.5c), the

K, for atwo-layered porous structure with the leeward wall is given by
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_ cosa, (mm, —itana,)+isina, (mjitana, —m,)
cosa, (mm, +itana, )+isina, (mitana, +m,)

_ R
|

(6.21a)

I'

10

The reflection coefficient K, for three-layered porous structure in the presence of

leeward wall is given by

cosa, cosa, (mm, —m,itana, )—sina,sina, (m —m,miitana, )
+isina, cosa, (mm,mjitana, —1)+icosa,sina, (mm,itana, —m, )

cosalcosaz(mm +m,itana,)—sina sina, (m, +mmjitana,)

_|Ru|_

IlO

I‘

+isina, cosa, (mm,m;itana, +1)+icosa,sina, (mm,itana, +m,)

(6.21b)
where & =d,ky;, &, =0k, =0k, m _ Gk m, = Goéskn m, = Goéika
51k20 G,k G,&,Ky

d,, d, and d, are the thickness G,, G, and G, are the impedance ¢, ¢, and &, are

porosity of the first, second and third porous layers. The wave reflection K, as in

Equation (6.21a,b) can be validated with the previous limiting cases in the analysis of

porous absorber with the leeward wall (Madsen, 1983; Dalrymple et al., 1991) by

considering either d, -0 or d, -0 along with uniform porosity & and friction

factor f due to the presence of the porous structure.

6.3.3 Porous structure placed far away from the leeward wall
The hydrodynamic performance of the stratified porous structure placed far away from
the vertical wall with the trapping chamber (L) is analysed for both finite water depth

and long-wave approximation.
6.3.3.1 Finite water depth

The velocity potentials in each of the regions is given by,

X, =11 e—ikm(x‘*‘bi) + eikm(x+b1) f + N ne_Kln(X+bl) f . ,
for —b <x<o, O<y<h,

X y :z{ ><+b Bjn x+b }fjn(y)

n=

(6.22b)
for —b, <x<-b,;,0<y<h;,j=23,.,N
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=ik 0 (X+D; ik 10 (X+by +2L)
¢N+1(X y): (N+1)0 {e ( )( )+e( ) }f(N+1)o(y)

KN (X+Dy —K(nspn (X+by +2L
+ZT(N+l)n{e( (K0 g nand )}f(NH)n(y), (6.22¢)

n=1

for —(b, +L)<x<-by, 0<y<hg,.

The continuity of dynamic pressure and velocity at each of the interface as in Equation
(6.5a) — (6.5¢) is applied with mode-coupling relation as in Equation (6.14a,b) on

velocity potentials as in Equation (6.22a-c) with eigenfunction f, (y) for
j=L12,..,N+1 to obtain the linear system of equations as in Equation (6.16a) —
(6.16f).

6.3.3.2 Long-wave approximation

The velocity potentials in the case of the porous structure placed far away from the
leeward wall in shallow water depth are of the form

B (X) = o8 "0 4 R e ™) for —b < x <o, (6.23a)
8,(X) = Age ") 4 B ™ for —b <x<—b,;,j=2,3,...N, (6.23b)
¢N+l( ) (N+1)0 {e_ik(N+l)0(X+bN) +eik(N+l)0(X+bN +2|—)} for _(bN " L) <X < —bN . (623C)

The wave reflection is determined on solving the system of linear equations obtained

by matching the edge conditions as in Equation (6.5a) — (6.5c¢).
6.3.3.3 Wave force on the porous structure

The wave force acting on the seaside porous layer K., and leeside porous layer K, is

given by
o = F, and K, = L : (6.24a)
pah Ly, pah 1y,
th

with F, = Ipa)J. ¢2 dy atx=-b and F, = Ipcoj ¢N+1)dy atx =-b,.

The wave force acting on the vertical wall K, is given by

FW
pghlllo ’

(6.24b)

fW:
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hy
with FW:ipa)J.¢N(X, y)dy atx=—-by in the absence of trapping chamber and
0

hN +1

F,=ipw I $u.a (X y)dy at x=—(by +L) inthe presence of trapping chamber, p is the
0

density of seawater and 1,, is the amplitude of incident wave potential considered to be

unity.
6.4 RESULTS AND DISCUSSION

The multi-layered porous structure placed on the flat seabed is considered to be efficient
in enhancing the wave damping and reducing the wave reflection and transmission
(Twu and Chieu, 2000; Twu et al., 2001, 2002). However, the seabed is uneven and it
is a difficult task to identify the uniform seabed for the construction of coastal
structures. The studies on multi-layered porous structure placed of the varying seabed
is still under investigation and need to be analysed in detail. To study the efficiency of
the present model, the current study outcomes are validated with experimental results
reported by Twu and Chieu (2000) in the case of energy damping for two-layered and

three-layered porous structures in the absence of leeward wall placed on the uniform

1.0 1.0
e " - 77—7710777**.*”’ —®
. e o et -
0.8 L e ] 084 _—
« Experimental study (Twu and Chieu, 2000)‘
I Experimental study (Twu and Chieu, 2000)| 064 Present study
- — Present study o
N4 X £, =092,¢,=081,¢ =062,
04 [&, = 0.92, €, = 0.62, 0.4 f‘ =2.20, fz =1.50, f3 =1.30,
f =220, f,=1.30, d/h, =d/h =d,/h =0.67
] g < /h, =dj/h, =d/h, =067. <
b/h =b/h =067, —_—Oy — v
"] I N l
s
0.0 T T T 0.0 T T T T T
0.100 0.125 0.150 0.175 0.200 0.225 0.250 0.100 0.125 0.150 0.175 0.200 0.225 0.250
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Figure 6.2: Comparison of the experimental data (Twu and Chieu, 2000) and the present
study for the wave energy damping due to (a) two-layered porous structure and (b)
three-layered porous structure in the absence of seawall.

Figure 6.2(a,b) shows the comparison between the present study and hydraulic test
results due to the porous structure placed on the uniform seabed as in Twu and Chieu
(2000). The correlation between the theoretical and experimental results shows a good

agreement. Thus, the present study is extended for the analysis of variation in seabed
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characteristics, the impact of the leeward wall and confined region in the presence of
the stratified porous structure. In the case of the uniform seabed, the depth of the
structure is occupied by the only porous material. In the case of elevated/stepped
seabed, the depth of the structure is divided into permeable and impermeable structures.
However, if the seabed variation is natural, the construction material required for
developing the stratified porous structure placed on elevated/stepped seabed is pretty
minimal as compared with the other condition (uniform seabed). The comparative study
is performed between the uniform, elevated and stepped seabed conditions in the
presence of stratified porous structure for identical structural width and structural depth
throughout the study.

6.4.1 Porous structure in the absence of leeward wall with variation in seabed

In the present study, the convergence of K, and K, is obtained with the increase in the
evanescent wave modes and these evanescent waves are truncated for M =20. The
percentage of convergence in the K, and K, is observed to be more than 99.5% (or
less than 0.5% deviation) with its previous truncated number for each of the condition.
Twu et al. (2001, 2002) reported that less than 1% deviation in the wave reflection K,
and transmission K, is achieved for the evanescent wave modes within 6 <M <10.
Table 6.1 shows the convergence of K, and K, with an increase in the truncated

number of evanescent wave modes M for the stratified porous structure.

Table 6.1: Convergence in K, and K, of a multi-layered porous structure considering
w=03367, #=30", d/h =2, f =05 ¢ =05 forj=1,2and 3.

Evanescent Uniform seabed Elevated seabed Stepped seabed

waves (M) K, K, K, K, K, K,
0 0.41974 | 0.66015 | 0.42109 | 0.60469 | 0.41889 | 0.65912
1 0.41855 | 0.66038 | 0.42172 | 0.60091 | 0.41963 | 0.65848
3 0.41852 | 0.66041 | 0.42547 | 0.60859 | 0.41998 | 0.65740
5 0.41852 | 0.66042 | 0.43199 | 0.60312 | 0.42055 | 0.65773
10 0.41852 | 0.66042 | 0.44037 | 0.60632 | 0.42047 | 0.65820
15 0.41852 | 0.66042 | 0.44035 | 0.60636 | 0.42047 | 0.65820
20 0.41852 | 0.66042 | 0.44036 | 0.60634 | 0.42047 | 0.65820
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The reflection K, , transmission K,, energy damping K, wave force impact on the
seaward layer K, and wave force impact on the leeward wall K, are computed. The

importance in analysing the hydrodynamic performance of the stratified porous
structure is to explore a better configuration of a porous structure for its better
performance as a breakwater. The parameters p =1000 kg/m®, g =9.81m/s* and

S =1 are kept constant throughout the study. The cumulative width of the porous

N
structure (d) is subdivided into equal multiple porous layers d = Zdj for j=1,2,3,....

j=1
considering different porosities and friction factors. In the case of finite water depth,
the porous structure is divided into three layers. The elevated step height is considered

to be 20% and 40% (h,/h, =0.8, 0.6) in the open water region. In the case of the

stepped seabed, the sloping bottom is approximated into the equal number of multiple
steps and the seabed variation between the seaside and leeside open water region is

considered to be h,/h =0.6 (where h,/h =0.9, h,/h =0.8, h,/h =0.7) for triple-
layered structure.

6.4.1.1 Effect of seabed characteristics

In Figure 6.3(a-c), the variation in K, between uniform seabed, elevated seabed
(h, /'h, =0.8) and stepped seabed (h, / h, = 0.6) is performed in the presence of porous
structure and the deviation is considerable in the wave reflection and transmission
characteristics. The 18% increase in wave reflection K, is observed for the case of the
elevated seabed as compared with the uniform seabed within 0° <@ <66° due to the
presence of the impermeable elevated step height. The variation in K, is minimum for
the case of the stepped seabed as compared with uniform seabed within 0° <@ < 62°.
Afterwards, a little increase in K. is observed due to the presence of impermeable steps.
The minimum K, is observed at g=74°, 84° and 66° for uniform, elevated and

stepped seabed as in Figure 6.3(a) due to the formation of standing waves and it is

termed as the critical angle (where the minimum reflection occurs). The wave

transmission K, (Figure 6.3b) is examined with variation in the angle of incidence &

for uniform, elevated and stepped seabed. The variation between the uniform, elevated
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and stepped seabed is minimum within 0° <@ <48° Afterwards, minimum K, is
observed for the case of the stepped seabed as compared with uniform and elevated
seabed. However, the incident wave is subjected to wave trapping due to the wave
motion upon multiple steps. The energy damping K, versus angle of incidence is
presented in Figure 6.3(c). It is observed that the uniform seabed performs better energy
damping as compared with elevated and stepped seabed within 0° <& <50° but the
increase in @ shows the increase in energy damping in the case of the stepped seabed,
which may occur due to trapping of waves inside the porous structure. However, in the
case of oblique wave impinging, it is better to prefer stepped seabed for the best

outcomes.
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Figure 6.3: Effect of the seabed variation on (a) K, (b) K, and (c) K, versus & for
f=1 £=04,d/h =1and w’h /g=0.2012.

Thereafter, the wave reflection and transmission for various types of seabed conditions
versus angle of incidence are analysed based on long-wave approximation. In the case
of the uniform seabed, the depth of the structure is similar in all the open water and
porous structure regions. The sloping bottom is approximated into multiple steps to

achieve accurate values in the analysis of the sloping bottom with multiple porosities.

Total ten steps are modelled and each step height is considered to be 0.05h, and the
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variation between the seaside and leeside open water regions is h,, / h, =0.5. Inthe case
of the elevated seabed h =h, =0.5h;, for j=2,3,..10 (50% elevated step height).
Figure 6.4(a,b) shows the K, and K, versus @ for f =0.5 (Figure 6.4a) and f =1.0
(Figure 6.4b). The K, (Figure 6.4a) with variation in seabed condition shows the minor

change within 0° <@<50°, afterward the increase in @ presents the significant

variation between the outcomes and minimum K. is observed for uniform seabed and

maximum K. is observed for stepped seabed within 50° <@ <90° In the case of K,
(Figure 6.4a), variation between uniform, elevated and stepped seabed is considerable
and it is noted that the stepped seabed presents minor estimation in K, compared with
uniform and elevated seabed with the increase in @. The reason may be due to the
uniform seabed consisting of complete porous material which allows minimum
reflection and high wave transmission as compared with elevated and stepped seabed.
But the stepped seabed has high reflection and less transmission coefficient with an
increase in the &, which may be due to the addition of wave reflection due to the each

of the impermeable steps.
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Figure 6.4: Variation in K, and K, due to multi-layered porous structure for (a)
f =05 and (b) f =1.0 in the presence of different types of seabed considering
700 =10, £=04 and d/h =0.5.

Afterward, a similar study is performed by considering the friction factor f =1.0 as

illustrated in Figure 6.4(b). It is noted that the variation in the seabed characteristic
shows similar outcomes as aforementioned. But in this case, the stepped seabed

performance is acceptable as compared with uniform and elevated seabed. The K, due

to the stepped seabed and uniform seabed is almost the same within 0° <& <60° and
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the critical angle is observed within 64° <@ <70° where the minimum K is noted. In
the case of the stepped seabed, the K, (Figure 6.4b) is minimum as compared with the
uniform and elevated seabed within 50° <& <90° for the friction factor f =1.0 and
70M =1.0. Overall, the change in the seabed shows the significant impact in reducing

the wave transmission in the case of finite water depth and long-wave approximation.

6.4.1.2 Effect of multiple porosities

The effect of multiple porosities in a single porous structure is studied and compared
for a fixed average porosity. Figure 6.5(a) shows K, versus y,,d with variation in

structural porosity. Initially, the structural configuration as in Liu and Li (2013) is
analysed using the multi-layered concept and the comparison between both the present
and previous results are observed to be quite acceptable. Further, the study shows the
significance of multiple porosities and variation between different structural
configurations for wave transformation. Table 6.2 shows different model
configurations consisting of different porosities and friction factors used in the present
study. The four configurations C1, C2, Cz and Cs4 as in Table 2 are studied with variation
in structural width. It is observed that the configuration C1, C2 and Cs is having fixed

average porosity but configuration C4 has high average porosity.

Table 6.2: Multiple porosities and friction factors with different model configurations.

Model | Multiple porosities and friction | Model | Multiple porosities and friction

notations factors notations factors

Ci | g=045 ¢,=045 =045 Cs |g=090, & =050, &=0.10

Co | =055 ¢=045 ¢=035| Co |g=080, ¢=0.60, ¢=0.40

Cs | =065 ¢=045 £=025]| Cw |f =050 f,=050, f,=050

C: |g=085 ¢=065 =045]| Cu |f =070, f,=050, f,=0.30

Cs |&=050, =050, £=050 | Ciz |f=090, f,=050, f,=0.10

Co | 5=060 5=050, =040 | . |5=092 5=08L &=062
Cr | =070, =050, &=030 f, =220, f,=150, f,=130

The difference between all the structural configurations C1, C2, C3 and C4 is minimum

in K, for the case of minimum dimensionless width y,,d within 0.01< y,,d <1. The
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configuration C1 shows the similar result as in Liu and Li (2013) and the 20%, 34% and
55% decrease in the K, is observed for configurations Cz, C3 and C4 respectively as
compared with the Liu and Li (2013). The reduction in K, is mainly due to high porosity
in seaside porous layer allowing high wave energy through a porous medium and
encouraging the wave trapping. Afterward, the correlation between the present study
and Liu and Li (2013) is observed to be acceptable in the case of K, presented in Figure
6.5(b). The variation between the configurations C2 and Cs is minimum in the K, as
compared with Liu and Li (2013). A little increase in K, is noticed for configuration

C4 as compared with Liu and Li (2013) due to the high structural porosity in the seaside

and leeside porous layers.
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Figure 6.5: Effect of structural porosity on (a) K, (b) K, and (c) K, versus y,,d in
the presence of uniform seabed for f =1, §=0° and y;,,h, =0.5.

Figure 6.5(c) shows the energy damping K, due to the presence of multiple porosities
and it is observed that the variation between all the configurations is minimum within

0.1<y,,d <2. Afterwards the configurations C, and Cs show more than 90% wave

energy damping and configuration C4 shows around 96% energy damping K, within

the 3< y,,d <5. From the above computational results, the porous structure with three
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layers consisting of high porosity in the seaside allows maximum wave energy inside
the structure and the low porosity in the leeside shows better wave blocking. Thus the
95% energy damping is obtained and also the multi-layered concept can effectively

work, if the width of the structure is within 3<y,,d <5 for normal wave incidence.

6.4.1.3 Effect of angle of incidence

In Figure 6.6(a,b), the multi-layered porous structure is analysed for various ranges of

friction factors within 0.25< f <2 and dimensionless structural width within
0.5<d/h <3. It is noted that high porosity is considered in the seaside porous layer

for better wave energy penetration and porosity of each layer decreases with the
increase in the number of steps. Afterward, the incoming wave energy may be arrested
within the multiple porous layers and wave trapping can be achieved inside the porous

structure.

1.0

0.8 4

0.6

(a)
Figure 6.6: Variation in K, and K, due to multi-layered porous structure placed on the
elevated seabed for various values of (a) friction factor with d /h, =1 and (b) structural
width with f =0.5 considering y,,h, =0.5.

The seaside porous layer consists of ¢ =0.85, the second layer consists of ¢, =0.65,

and the leeside porous layer consists of ¢, =0.45 as in configuration Cs. It may be
noted that each porous layer consists of uniform width and structure is placed on
elevated seabed considering 20% rigid step height h,/h =0.8 for j=2,3,4. The
variation in the wave reflection K, and transmission K, versus angle of incidence &

is analysed for various values of friction factor within 0.25< f <2 (Figure 6.6a) along

with dimensionless width of the structure within 0.5<d/h <3 (Figure 6.6b). The
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increase in f (uniform friction in each layer) shows the oscillating trend in the K,
within 0° <9 <68°, afterward, a sharp rise in K, is noted. However, variation is
considerable in K, and critical angle is observed for @ =68° On the other hand, the
wave transmission coefficient K, is plotted in Figure 6.6(a) and it is noted that the
periodic increase in the friction shows the periodic decrease in K,. However, variation
in K, is considerable with variation in the friction factor. The increase in friction factor

gives the increase in energy damping, which may be due to the fact that the K, is

decreasing with an increase in friction factor. The study suggested that the friction

factor within 1< f <2 is suitable to construct a stratified/multi-layered porous
structure upon the elevated seabed to control the incoming wave of y,,h, =0.5. On the
other hand the K, and K, versus angle of incidence & is plotted for 0.5<d /h <2.5
in the presence of multiple porosities upon elevated seabed (Figure 6.6b). Increase in
the d / h, shows the oscillatory pattern in K, within 0° <6 <65° and afterward a sharp
increase in K, is noted for all the d/h. The increase in d/h, shows the increase in

K, within 0.5<d/h <2, thereafter the rise in d /h_shows the uniform estimation in

K, within 2<d/h <3 due to the rise in energy damping and structural width.
Similarly, the increase in d /h, shows the gradual decrease in K,, which suggests that

the energy damping is higher for high structural width d /h. Thus, the study suggests

that the structural width within 2<d /h <2.5 is preferable to regulate incoming waves

using a multi-layered porosity concept.

6.4.2 Porous structure backed by the leeward wall with variation in seabed

In general, the mainlands near beaches are protected with the seawalls. Usually, the
full-wave reflection takes place at the seawall (due to zero porosity), which affects the
life span of seawall due to high wave force acting on the wall. To reduce the wave force
on seawall, seaside wave energy absorber is introduced (Madsen, 1983; Mallayachari
and Sundar, 1994; Das and Bora, 2014c). But the porous absorber consisting of uniform
porosity occupies more space and reflects more incoming waves (Milgram, 1970; Twu

et al., 2001). To reduce the wave reflection, the force acting on the seawall and to
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increase the energy damping, an attempt is made in the present study using the stratified
or multi-layered porous structure concept with variation in the seabed characteristics.
In the present section, the width between the seawall and multi-layered porous structure
is considered to be zero.

6.4.2.1 Effect of structural width

In this section, the stratified porous structure with the leeward wall is analysed using
the assumption of linearized water wave theory. Similar to the earlier condition, the
structure is separated into three layers for the simplicity of the problem. Numerical

computation is performed for finding the K, for the single-layer porous structure as in

Mallayachari and Sundar (1994). The results obtained using the present study agree
well with the available results as in Mallayachari and Sundar (1994) in Figure 6.7(a).
Further, the multi-layer technique in a single porous structure is employed considering
the three configurations Cs, Ce and C- as in Table 2. The configuration Cs is similar to
the Mallayachari and Sundar (1994) and, the variation between the Cs, Ce¢ and C;

configurations is discussed in detail. It is observed that the decrease in K, is achieved

for Cs and C7 configurations as compared with Mallayachari and Sundar (1994) due to
the multi-layered concept. The configuration Cs and C; show the 18% and 34%

reduction in K, at y,,d =5 as compared with Mallayachari and Sundar (1994) for the

fixed average structural porosity.
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Figure 6.7: The K, versus y,,d for different (a) porosity with f =1 and (b) friction
factor with £ =0.5 considering @ =0.3630.

The minimum K, is noted for all the configurations within 1.2 < ,,d < 2.2 which may

be due to the formation of standing waves in that particular range. On the other hand,

the significance of multiple friction factors in a single porous structure is revealed by
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considering a porous structure with three layers lying on the uniform seabed as in Figure
6.7(b). The three configurations Cio, C11 and Ci2 as in Table 2 are compared and the

global minima in K, for all the configurations are observed at y,,d =1.6. Afterwards,

the resonating pattern is noted for the three configurations with the increase in y,,d. A
little increase in K, is observed in the presence of multiple friction factors as compared
with the porous structure having uniform friction factor and the variation is minimum
in K, in the presence of multiple friction factors (Figure 6.7b) compared with multiple
porosities (Figure 6.7a). But, porous structure with multiple porosities and uniform
friction factor shows the significant variation in K, as compared with porous structure
with uniform porosity and multiple friction factors. In the absence of the leeward wall,

the wave reflection for lower values of y,,d is minimum but in the presence of leeward

wall, the wave reflection is maximum for lower values of ,,d due to the consideration

of zero velocity near the wall. The study suggests that the waves with higher
wavelengths can be completely reflected with the seawalls and the porous structure
composed of multiple vertical porous layers is useful for reducing the wave impact on

the vertical wall.
6.4.2.2 Effect of multiple porosities

In Figure 6.8(a,b), the wave reflection K, and wave force acting on the seaside porous
layer K, versus dimensionless structural width d /A is analysed for the case of
uniform seabed in the presence of three-layer porous media under oblique wave
impinging. Figure 6.8(a) illustrates K, and K versus d / A for y,,h =1 considering
three different configurations such as Cs, Cs and C7 as in Table 2. The configuration Cs
shows the high reflection K, and configuration Cs and C; shows minimum K,

compared with configuration Cs. It may be noted that the local optima are observed,
which may be due to the minimum friction factor and the destructive structural
interference. More oscillations are observed due to the consideration of multiple
porosities for configuration Cs and C7 as compared with configuration Cs, which shows
that the fluid-voids mechanism inside the porous medium. It may be due to the

transmitted wave from the first layer getting reflected back by the second layer towards
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the open water region due to the less porosity in the second layer as depicted in Figure
6.8(a). A similar trend is observed in the case of wave force on the seaside porous layer

K. The decrease in K is observed with an increase in porosity of the seaside porous
layer and K, >1 for the configuration Cs due to the higher wavelength and minimum
porosity compared with configuration Ce and C7. Figure 6.8(b) shows the K, and K
versus d / A for y,,h =1.5 in the presence of multiple porosities. The increase in y,,h,
from .0, =1 to 7,0 =1.5 shows the minimal decrease in K, and high variation in
K, as compared with Figure 6.8(a). In Figure 6.8(b) the occurrences of local optima is
limited and observed within 0.1<d /A <1.5. Afterwards, the uniform values in K, and
K, is observed within 1.5 <d /A <2 which may be due to the decrease in wavelength

as compared with previous case (Figure 6.8a).
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Figure 6.8: The K, and K versus d /A for varying structural porosity on the uniform

seabed for (a) 7, =1.0 and (b) y,,h, =1.5 considering f =0.25 and & =30".

6.4.2.3 Effect of seabed characteristics

The influence of seabed variation (uniform, elevated and stepped seabed) on the wave

transformation is analysed for the variable angle of incidence. In the case of the uniform
seabed, water depth in each of the regions (hj Ih =1forj=2,3, 4) is assumed to be the
same but in the case of the elevated seabed, the elevated seabed height is considered as
20% (hj /'h =08forj= 2,3,4) in the open water depth. In the case of the stepped

seabed, each step height is considered to be 10% in open water depth given by

h,/h =0.9, h,/h =0.8 and h,/h =0.7. The Figure 6.9(a,b) shows the K, versus
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for the various dimensionless thickness of multi-layered structure d /h =2 (Figure

6.9a) and d /h =4 (Figure 6.9b) with variation in seabed characteristics. The three-

layered porous structure due to variation in seabed characteristics is analysed
considering individual porosity and friction factor in each layer as in configuration Cia.

In the case of d /h =2 (Figure 6.9a) and d /h =4 (Figure 6.9b), the local minima are

observed at 58°, 60° and 66° for uniform, elevated and stepped seabed and it is termed
as critical angle where the minimum reflection occurs. The variation in K, due to
uniform, elevated and stepped seabed is predominant with 0° <@ <70° as in Figure
6.9(a,b). The uniform seabed shows the minimum estimation in K, compared with

elevated and stepped seabed characteristics due to trapping of more wave energy inside
the porous structure, which causes high wave force on the seawall and the elevated

seabed shows the high estimation in K, due to the constructive interferences. But the
stepped seabed shows high K, compared with the uniform seabed and low K,
compared with the elevated seabed, which suggests that the stepped seabed will be
useful to achieve the better values in K, due to the destructive interferences in the

presence of the multi-layered porous structure.
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Figure 6.9: The K, versus @ for varying seabed characteristics in the case of (a)
d/h =2 and (b) d/h =4 considering ,,h, =0.75.

The porous structures and seawalls are constructed very close to the shoreline, where
the depth of the water is shallow. However, it is important to study and evaluate the
porous structure with the leeward wall under the assumption of the shallow water-wave
theory. The study is performed by considering various types of seabed characteristics,

friction factors in the presence of uniform porosity. Total nine steps are modelled and
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each step height is considered to be 0.05h, and the variation between seaside and leeside
open water regions is h,/h =0.5 for stepped seabed condition. In the case of the
elevated seabed, the step height is considered to be 50% (h10 I'h :0.5) in the open

water depth. Figure 6.10(a,b) shows the variation in K, with variation in y,,h, for the

various types of seabed characteristics for long-wave approximation.
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Figure 6.10: The K, versus y,,h, for varying seabed characteristics in the case of (a)
0 =0° and (b) @ =45°considering f =1 and d/h, =1.

Figure 6.10(a) presents the sharp decrease in K, for three types of the seabed and the

global minima are observed within 1< y,,h <2 which may be due to the formation of

standing waves at that particular range. It is observed that the elevated seabed shows
the minimum reflection in the presence of normal wave incidence @=0° for £ =0.4
and & =0.8. The uniform seabed shows high wave reflection as compared with elevated
and stepped seabed as in Figure 6.10(a). But in the case of oblique wave impinging
0 =45" (Figure 6.10b) the minimum reflection is observed for elevated seabed
considering & =0.4. However, high reflection due to the presence of elevated seabed is
obtained for & =0.4 as compared with the uniform seabed and stepped seabed. From
all the cases, it is noted that the uniform seabed shows a higher reflection coefficient
and stepped seabed shows moderate reflection as compared with the elevated seabed.
This may be due to the wave blocking when the incident wave interacts with the rigid
bodies (elevated and multiple rigid steps). This suggests that the seabed characteristics,
porosity and angle of incidence play a key role in the wave trapping in the case of the

shallow water depth.
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6.4.3 Porous structure away from the leeward wall with variation in seabed

As a special case, the offshore breakwater away from the seawall is studied in the
presence of multiple porous layers. The gap between the multi-layered porous structure

and seawall is termed as trapping chamber L/ h, and the role of the trapping chamber

L / h, in the wave trapping is examined.
6.4.3.1 Effect of trapping chamber length

In Figure 6.11(a,b), the wave reflection K, versus non-dimensional trapping chamber
L/ h, is plotted in the presence of multiple porosities. Three configurations such as Cs,

Cy and Cg are analysed for y,,h, =0.5 (Figure 6.11a) and y,,h, =1.0 (Figure 6.11b).
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Figure 6.11: The K, versus L/h, for various values of structural porosity placed on

uniform seabed for (a) y,,n, =0.5 and (b) 7,h, =1.0 considering f =0.25, d/h =4
and @ =0
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The increase in L/ h, shows the periodic crests and troughs in K, in periodic intervals.

It may be due to the formation of standing waves at particular intervals where the K,
is minimum. The influence of multiple porosities is considerable in the wave trapping
for y,h, =0.5 (Figure 6.11a) and the variation of K, is clearly noted for different

structural configurations. In the case of 7,0, =1 (Figure 6.11b) the multiple porosities

play a significant role in reducing the K, due to high energy damping by the multi-
layered porous structure. The three configurations present the periodic peaks and

troughs in the K, with the increase in L/h,. The configuration Cs shows the higher

values in wave reflection K, as compared with the remaining two configurations. But
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the third configuration Cs shows an almost 58% decrease in wave reflection K, at every
resonating peak. This is due to the enhance in wave damping and high wave interaction

between the porous structure and incident wave due to the high porosity &, =0.9 in the

seaside porous layer and the low porosity in the leeside porous layer &, =0.1 for

710h1 =1

6.4.3.2 Effect of structural width

In Figure 6.12(a,b), the effect of structural width d /h, on wave reflection K, is studied

considering three structural configurations such as Cs, C; and Cg as in Table 2 in the
presence of the uniform seabed for a stratified porous structure placed far away from
the wall. The average porosity of the three configurations Cs, C7 and Cg are similar and

configuration Cg shows the minimum values in the wave reflection K, compared with
the configuration Cs and C; with minor oscillations due to the increase in energy
damping. Eventually, the wave reflection K, pattern is unchanged and observed similar
as in Section 6.4.2. (Figure 6.8a,b). The high seaward porosity shows little oscillations

in the wave reflection K, but low seaward porosity shows the uniform estimation in

wave reflection K, after the resonating trough. The present study suggests that the high

porosity in the seaside porous layer and lower porosity in the leeside porous layer is a
preferable option for the high energy damping and low wave reflection by the stratified

porous structure.
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Figure 6.12: The K, versus d/h, for various values of structural porosity placed on
uniform seabed for (a) ,,n, =0.5 and (b) y,,h, =1.0 considering f =05, L/h =1
and 6=0°
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6.4.3.3 Effect of seabed characteristics

The wave reflection K, due to the variation in seabed characteristics (uniform, elevated
and stepped seabed) in the presence of multiple porosities as in configuration Csg is
examined with variation in trapping chamber L/h, for finite water depth. The elevated
step height is considered to be 40% in the open water region (h2 Ih = 0.6) and stepped
seabed between the two open water regions are considered as h,/h =0.6 (where

h,/h =09, h,/h =08, h,/h=07).
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Figure 6.13: The K, versus L/h, for various seabed cases with multiple porosities in
the case of (a) &=0° and (b) &=30° considering f =0.5, y,,n, =05 and d/h, =4.

The normal wave incidence @ =0° (Figure 6.13a) and oblique wave incidence € =30°

(Figure 6.13b) are studied considering stratified porous structure away from the leeward
wall. The resonating peaks and troughs are obtained with increase in L/h and, the
uniform seabed shows high K, as compared with elevated and stepped seabed
characteristics as in Figure 6.13(a,b). In the previous cases, it is observed that the
elevated seabed shows high K, but in the presence of stratified structure away from the
wall, the elevated seabed shows the minimum K, for normal wave incidence 6 =0°
(Figure 6.13a) and oblique wave incidence @ =30° (Figure 6.13b) which is due to more
wave trapping within the confined region L/h, in the presence of rigid elevated step.

But in the case of uniform and stepped seabed, the incident wave freely propagates

between the confined region and structure region. But in the case of the elevated seabed,
seabed variation in the leeward region (h4/h5 :0.6) shows more impact on wave

trapping due to the presence of leeward confined region. However, the significant
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decrease in K, is obtained for oblique wave impinging #=30° (Figure 6.13b)

compared with normal wave impinging @ = 0°( Figure 6.13a) in the case of the uniform,
elevated and stepped seabed due to the increase in the energy damping by the stratified

porous structure.

In Figure 6.14(a,b) the wave reflection K, and wave force acting on the seawall K, is
studied considering the change in seabed condition for the full solution (Figure 6.14a)
and long-wave approximation (Figure 6.14b) with variation in the angle of incidence
6. The comparative study is presented between full solution and long-wave
approximation considering multiple porosities for configuration Cg in Table 2. Three
seabed conditions such as uniform seabed, elevated seabed (50% elevated step height)
and stepped seabed (wherein h,/h =0.875 h,/h =075 h,/h =0.625 and

h, /h, =0.5) are examined for the stratified porous structure. The minor values in K,
and K, is obtained for stepped seabed case as compared with uniform and elevated

seabed conditions in the case of finite water depth (Figure 6.14a) and long-wave

approximation (Figure 6.14b).
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Figure 6.14: The K, and K, versus & for varying seabed condition with multiple
porosities for (a) finite water depth and (b) long-wave approximation considering
d/h, =2, L/h=2, y,n=05andf =1.

In general, the uniform seabed allows the maximum waves to interact with seawall but
the elevated and stepped seabed usually destruct the incident waves and reduces the

wave force acting on the seawall. Especially, the minimum values of K, in the

presence of stepped seabed are achieved only due to the interaction between incident

waves and each impermeable step. Further, the structure in finite water depth (Figure
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6.14a) shows the minor estimation in K, and K, as compared with the long-wave

approximation and variation is evident in the critical angle range within 60° < 8 < 75°
due to the least damping offered by the structure for long-wave approximation
(Dalrymple et al., 1991). Hence, it is concluded that the seabed characteristics show a

significant variation in wave transformation and minimum values in K, and K., is
achieved with variation in the angle of incidence in the presence of multiple porosities

for finite water depth as compared with long-wave approximation.

6.4.4 Wave motion over elevated and stepped bottom

In the present section, the wave motion over elevated/stepped seabed is studied without
considering stratified porous structure to understand the wave scattering phenomenon.

The problem formulation remains the same as defined in the previous section and the

study is performed considering each structure porosity &; =1 and friction factor f ;=0.

6.4.4.1 Effect of elevated rigid bar height

In Figure 6.15(a,b) the wave reflection K, and transmission coefficients K, versus
structural width d /h, is presented for change in rigid bar height. The periodic crests

and minimal wave reflection is observed for certain values of d /h,.
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Figure 6.15: (a) K, and (b) K, and K, versus d/h, for varying bottom rigid bar height
in the absence of the porous structure considering f, =0, & =1 7,h =1 and 8 =30°
On the other hand, in Figure 6.15(b), the periodic troughs and almost unity in wave
transmission are noticed with the increase in dimensionless width of the rigid bar. The

periodic crests and troughs in K, and K, are observed for the same intervals, which

suggest that the submerged rigid bar can perform either minimal K. or minimal K,
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due to the zero-energy damping. The K, is observed to be zero for all the combination
of the rigid bar height within 0.01<h, /h <0.9. This is acommon phenomenon in the
vicinity of wave interaction with rigid structures (Chwang and Chan, 1998; Wang et
al., 2006; Praveen et al., 2020). However, the increase in rigid bar height enhances the
K, and reduces the K, and also increases the number of peaks/troughs in the wave
transformation. The variation in K, and K, is minimal for minimal rigid bar height

and increase in rigid bar height is evident in the wave reflection. In general, the wave
potential is very high near the free surface and, if the oblique wave interacts with the
rigid bodies, there exists either reflection or transmission. Particularly, the step height

within 0.01<h, /h <0.3shows an effective role in reflecting the incident waves.
Specifically, in the case of rigid rectangular/vertical structures, the vortex formation
develops at the edge/tip of the rigid bars and effectively reduces the K, (Ting and Kim,
1994; Yip et al., 2002). In the case of h, /h =0.01, the rigid bar height reaches very
near to the free surface and the oscillations in K, and K, is observed increasing and is
very significant for the design of rigid structures. However, in all the cases, the wave
damping is observed to be zero and satisfies the energy balance relation K? +K? =1.

It is also noted that the variation between elevated and stepped seabed in the absence
of porous structure is very minimal for fixed width and depth of the structure but there
exists a small variation in resonating peaks and troughs. In the presence of the porous

structure, the elevated step height within 0.7 <h, / h, <1 shows a significant impact on

wave scattering as compared with the uniform seabed, but in the absence of porous

structure, the step height within 0.7 <h, /h, <1 shows minimal impact on K, and K,
In the presence of porous structure placed on elevated step within 0.7 <h,/h <1
shows significant role in enhancing the K, as compared with uniform seabed due to
the additional wave reflection in the presence of impermeable elevated seabed.

6.4.4.2 Effect of leeward rigid bar height

The wave reflection due to stepped seabed in the absence of a stratified porous structure
is examined for variable leeward rigid bar height in Figure 6.16(a). Three rigid steps
are considered having h,/h =0.5 and h,/h =0.25 with the rigid leeward bar h, /h
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varied within 0.01<h, /h <0.2. The lower values of leeward rigid bar height (Figure
6.16a) shows the moderate values in K, and the increase in h,/h enhances the K,
along with resonating peaks. Especially, for h,/h =0.01 the rigid bar height almost

reaches the free surface and the number of resonating peaks and troughs are observed
to be high, as the rigid leeward bar behaves like a sea wall and reflects the incident

waves towards the seaward regions. However, the resonating troughs in the K, are also

evident, which may be due to the overtopping of incident waves.
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Figure 6.16: (a) K, versus d /h, for varying bottom leeward step height without porous

structure considering 7,,h, =1.5, (b) the K, K, and K, versus y,,d for permeable

and impermeable submerged bars considering 7,,h, =0.4 and 6 =30".

6.4.4.3 Comparative study between the elevated porous and impermeable bar

In Figure 6.16(b), the K., K, and K, versus 7,,d is examined for an elevated rigid
bar and elevated porous bar. The elevated porous bar is deeply submerged and the
porous bar is examined using the classical formulation presented in Losada et al. (1996).
The width and height of the rigid/porous bar are considered identical for the purpose of
comparison. The elevated rigid bed and steeped bed shows an almost similar pattern in
the wave scattering, and a minimal change along with a forward shift in the K, and K,
is observed between the elevated and stepped bed. Thus, for the sake of clarity in the
comparative study, the elevated rigid bar and porous bar effect on wave transformation

is reported (Figure 6.16b). The rigid bar shows high K, as compared with a porous bar
and, the K, is varying very near to the unity for the rigid bar, but a decreasing pattern

is obtained in the K, for the porous bar. Similarly, the zero values of K, is obtained
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for a rigid bar (which satisfies the relation for wave motion over rigid bodies
K?+K? =1 or K, =0), but an increasing pattern in K, is achieved for the porous bar.
It is well known that the rigid bodies are effective in reflecting the incident waves and
the porous structures are effective in wave damping. Hence, it is clear that the porous
structures can perform a significant energy damping and the natural rigid elevated bed
can reflect the incident waves. On comparing with the previous case (Figure 6.15a,b),

the K, and K, is observed minimal for the elevated rigid bar, but in the present case
(Figure 6.16b), the K_ is significant which is due to the reduction in the y,,h, from

700 =1 (Figure 6.15a,b) to y,,h, =0.4 (Figure 6.16b).

6.5 CLOSURE

The hydrodynamic performance of a stratified porous structure in the absence and
presence of a leeward wall is studied under the assumption of linearized water wave
theory. The matched eigenfunction expansion technique is employed to examine the
significance of the multi-layered porous structure in wave blocking. The following

conclusions are drawn from the present analysis:

e The theoretical outcomes for the two-layered and three-layered porous structure
agree well with the experimental results presented by Twu and Chieu (2000)

placed on the uniform seabed.
e High wave energy damping K, >95% is achieved for multi-layered porous

structure concept and the stratified porous structures can effectively perform as

wave dampers if the width of the structure is of the order 7,,d >2.

e The 20%, 34% and 55% decrease in K, is obtained for the stratified porous

structure as compared with Liu and Li (2013) and a 34% decrease in the wave
transmission is achieved in the presence of elevated bottom with the increase in

the friction factor from 0.25 to 2.

e The 18% and 34% reduction in the K, is obtained for the stratified porous

structure backed by an impermeable wall as compared with Mallayachari and
Sundar (1994).
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e The performance of a porous structure with multiple porous layers placed on

stepped seabed shows better results in K. as compared with uniform and elevated

seabed backed by the wall.

e The 58% reduction in K, is obtained with variation in L /h, at every resonating

peak for multi-layered porous structure away from the leeward wall as compared
with the porous structure of uniform porosity.

e The minor values of wave reflection are observed for a stratified porous structure

placed away from the vertical wall for normal wave incidence.

e The construction of a seawall in the presence of a stratified porous structure will

be useful for reflecting the waves of higher wavelengths.

e The stepped seabed away from the leeward wall shows the minor values in the
wave reflection and wave force within 60° <@ <75° for finite water depth and

long-wave approximation.

e The minimum values in K, and K, are achieved for finite water depth as

compared with long-wave approximation due to the least damping by the

stratified porous structure.

e The increase in rigid bar height (in the absence of porous structure) encourages

the periodic crests and troughs in K, and K,. However, the K, is observed to

be zero for all the combinations of rigid bar height without porous structure.

e The leeward rigid step height shows a significant impact on enhancing the wave
reflection. The elevated seabed and stepped seabed presents almost uniform

estimation in the absence of a porous structure.

e Overall, the energy damping can be achieved with the porous structures and, the
stratified porous structure can perform high energy damping and wave blocking

due to the presence of multiple porosities.
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CHAPTER 7

CONCLUDING REMARKS AND FUTURE WORK

7.1 GENERAL INTRODUCTION

The wave scattering by various types of structures such as multiple porous structures
placed on the uniform seabed, elevated seabed in the presence and absence of seawall,
barrier-rock porous structures, multiple horizontally and vertically stratified porous
structures in the absence and presence of various seawalls (vertical wall, permeable
wall and stepped seawall) are analysed using eigenfunction expansion method. The
matching equations and mode-coupling relation are used to analyse the various types
of porous structures. The wave reflection, transmission, energy damping, wave force
experienced by seaward, leeward structural interfaces and wave force acting on the
seawall are reported. The effect of structural porosity, friction factor, angle incidence,
free spacing, width, dimensionless wavenumber, trapping chamber and number of
porous structures on wave scattering and wave trapping is presented. In the preliminary
stage, the analytical results obtained from the present study are validated with the

experimental, analytical and numerical results reported by several authors.
7.2 SUMMARY OF THE RESEARCH WORK

The summary of the research work performed in the present study is discussed briefly

are as follows:

7.2.1 Wave damping by multiple porous structures

The 42% decrease in K, is achieved with a pair of porous structures as compared with
a single porous structure. Afterward, the uniform estimation in K, is obtained with an

increase in multiple structures within 3<N <5 for fixed structural thickness. The
double porous structures show a drastic variation in reducing the wave force impact on
the leeward wall compared with a single structure. The triple porous structure shows a

considerable decrease in K, compared with the double structure for minimum porosity

within 0.3< ¢ <0.4 at each resonating peak. Thereafter, the elevated seabed impact on
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wave scattering is presented and the 10%-20% rigid bed height is suggested for
effective wave damping by multiple porous structures.

7.2.2 Wave scattering by barrier-rock porous structures

The analytical relations are derived and reported for finding the K, and K, by barrier-

rock porous structure with finite thickness, structure away from the leeward wall,
structure backed by wall and structure of semi-infinite thickness placed on step-bottom.
Further, the analytical relations are also proposed for investigating the scattering

performance of porous structures without vertical barriers. The barrier-rock porous
structure placed on a rigid step, and the step height within 0.8<h, /h, <0.9 is suggested
for effective wave damping. The finite structure with/without seawall behaves as a
semi-infinite barrier-rock porous structure as the ratio of barrier-rock porous structure

width and incident wavelength reaches to unity/higher (i.e d/ A >1).

7.2.3 Wave damping by horizontally stratified porous structures

The increase in surface layer depth shows the surge in energy damping due to high
surface layer porosity. The 31.9% reduction in wave reflection is obtained with the

increase in the surface layer porosity at the resonating crest. The angle of contact
0 =30° shows the 16.3% reduction in K, as compared with the normal angle of contact
6 =0° due to the increase in energy damping. Hence, it is better to construct the porous
structure on determining the critical angle of contact for minimal wave reflection and
high energy damping. The surface porous layer depth a, /' h, shows a significant impact
in reducing the resonating peaks and troughs. The high resonating peak is observed for
a,/h,=0.2 and 8% for a /h, =0.4, 21% for a,/h, =0.6, 37% for a,/h, =0.8 the
decrease in K, is obtained as compared with &, /h, =0.2 for four porous structures.

The multiple porous structures are useful if the structural width is higher. But, for fixed

structural width (if one structure width is separated into with two structures), the

resonating crests and troughs have a major role in reducing the K, and K, thus the
high values of K, can be achieved. The double submerged two-layered structures show

a significant reduction in K, and K, at each of the resonating troughs as compared
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with the single structure for fixed width. The reduction of K, and K, is evident with
the addition of the second structure as compared with the single structure. The addition
of the second structure is effective within 4<d/h <12 to obtain minimal wave

transmission and high energy damping.

7.2.4 Wave trapping by horizontally stratified porous structures

The wave trapping performance of multiple horizontally stratified porous structures
placed far away from the vertical wall, stepped wall and permeable wall are analysed.
The trapping chamber shows a very minimal role in the case of the semi-infinite
structure due to the higher structural width and high wave damping. The effect of the

permeable wall is minimal on K_ in the presence of fully-extended porous structures
as compared with submerged structures. The increase in rigid step width L, /h
(available in the stepped wall) shows a minimal variation in K, inan oscillatory manner

due to the zero flow condition. The permeable wall requires a high quantity of
construction material as compared with the vertical and stepped wall. So, the present
study suggests the stepped/vertical wall with stratified porous structures for the

protection of the mainlands from oblique incident waves.

7.2.5 Wave damping and wave trapping by vertically stratified porous structures

The wave motion through a single porous structure consisting of multiple vertical
porous layers is examined in the presence of uniform seabed, elevated seabed and
stepped seabed. The theoretical outcomes for the two-layered and three-layered porous

structure agree well with the experimental results presented by Twu and Chieu (2000)
placed on the uniform seabed. High wave energy damping K, >95% is achieved for
multi-layered porous structure concept and the stratified porous blocks can effectively

perform as wave dampers if the width of the structure is of the order d/h >2. The

20%, 34% and 55% decrease in K, is obtained for the stratified porous block as

compared with Liu and Li (2013), and 34% decrease in the wave transmission is
achieved in the presence of elevated bottom with the increase in the friction factor from
0.25 to 2. Minimal porosity in the leeside porous layer is a preferable option for the

better wave blocking and mainland protection. The 18% and 34% reduction in the K,
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is obtained for the stratified porous block backed by the impermeable wall as compared

with Mallayachari and Sundar (1994). The significant wave trapping is obtained by

vertically stratified porous structure placed on the elevated seabed as compared with

the uniform seabed.

7.3

SIGNIFICANT CONTRIBUTION FROM THE RESEARCH WORK

The present analytical study focused on wave scattering and wave trapping performance

of several types of breakwaters which are of recent interest in Coastal Engineering. The

major contribution from the present work reported in the thesis are as follows:

The present study mainly focused on wave scattering and trapping performance

of various types of breakwaters, which are existing in several locations.

The direct analytical relations for finding wave reflection and transmission
coefficients by various porous structures are reported and validated with the

available solutions.

The wave reflection, transmission, wave damping, wave force on the seaside,
leeside of breakwater and wave force experienced by the vertical rigid wall in the

presence of single/multiple porous structures are reported.

The 42% reduction in wave transmission is achieved with double porous

structures as compared with single porous structure for fixed structural width.

The width of the semi-infinite porous structure is defined using the comparative
study with the finite porous structure in the presence/absence of seawall. The ratio

of incident wavelength to structural width approaches to unity d /A =1, then the

conventional porous structure can be regarded as a semi-infinite structure.

The seaward and leeward thin barriers with rockfill are proposed and investigated.
The thin barriers are suggested for the protection of breakwaters, which is already

constructed in Dongying bay breakwater China.

The resonating peaks and troughs are obtained in the reflection coefficient with
the change in the free spacing/trapping chamber. The resonating trough in K,
shows high fluid force on the rigid wall and resonating crest in K, shows the

minimal force on the rigid seawall.
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The horizontally multi-layered breakwater is effectively distributing the incident
wave energy in the form of wave reflection and wave force experienced by
seawall as compared with a conventional porous structure consisting of high/

moderate structural porosity.

The comparative study is performed between a vertical rigid wall, stepped wall
and permeable wall in the presence of multiple porous structures. The study

shows that the peak values of K, are almost similar by each of the seawalls, but

stepped seawall shows minor values of K, in each of the resonating troughs.

In the case of the vertically stratified porous structure, the tranquil zone is possible
with the structure of high thickness.

7.4 FUTURE SCOPE OF RESEARCH

The possible extensions of the present study are as follows:

The study can be extended for wave interaction with multiple porous structures
in the presence of undulating bottom in both single and two-layer fluid.

In the case of the horizontally stratified porous structure, two/three number of
porous layers are analysed. More number of porous layers can be analysed for
effective wave blocking.

In all the cases, porous structures are placed on the rigid seabed. The porous
seabed with multiple structures is recommended.

Porous structures of various shapes in the presence of various seawalls, such as
the curved wall, porous front wall and the sloping wall is recommended for future

investigations.
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ANNEXURE

The direct analytical relations and significant conclusions from the Ph.D. Thesis are reported for further development of the marine structures.

SI. No | Type of structure Schematic diagram Direct analytical equations/ Remarks
The 42% reduction of wave transmission is obtained for double porous structures
Two porous - . . N
1. as compared with single porous structure for identical structural width considering
structures
f=1 =04, yyh=1L, w/h=1and d/h=2.
“
itank,,d (X*—M;
) Barrier-rock porous K, = IIQIO % - kzod E - Mzgl ng > (gL g‘ )
. - - I tan X+ +
structure of finite : : 1 20 sQQu)+MX(Q Q)
thickness % Ty _ 2EM, {(1- Ry, )(X —iky) =i36G, (1+ Ry )}
“ t I (MbQL+X)(M —iy,G ) ( QL — )(M +iy,G ) E?
Barrier-rock porous
3. | structure placed far Ry Ttankyd (X*-MQZ,)+MX(Z, -Q)
r T 2 2
away from rigid wall Lo| itank,d (X?+MZQ.Z )+ M,X(Z, +Q;)
Barrier-rock porous
4. | structure backed by a _|Ru|_ X (710G, — ik ) M, tank,yd
rigid wall ly +(i7,0G, +ikyy )M, tank,od
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Semi-infinite porous
structures with

seaward barrier

Ry

I10

_ X_(i7/10G1 _iklo) M,

K, = . .
X+ (i70G, +iky )M,

r

Horizontally
stratified porous

structure

The higher porosity in the surface porous layer, moderate porosity in the middle
layer and zero porosity in the bottom layer is suggested for the optimal wave
damping and wave blocking by the horizontally stratified porous structures.

Two-layered
vertically stratified
porous structure

backed by wall

cosa, (mm, —itana,)+isina, (mjitana, —m,)
cosa, (mm, +itana,)+isina, (mjitana, +m,)

Ry

IlO

K =

r

Three-layered
vertically stratified
porous structure

backed by wall

cosa, cosa, (mm, —m,itana, )—sina,sina, (m —m,mjitana, )
Ry | _ +isina, cosa, (mm,m;itana, —1)+icosa, sina, (mm,itana; —m,)
o ‘ cosa, cosa, (mm, +m,itana, )—sina,sina, (m, +m,mjitana,)

r

+isina, cosa, (mm,m;itana, +1)+icosa,sina, (mm,itana, +m,)

Vertically stratified

porous structure

The stratified porous structures can effectively perform as wave dampers if the

width of the structure is of the order y,,d >2 in the presence of uniform seabed for

£ =0.85, ¢,=065, =045 f =1f,=f,=1 6=0°and y,hn =05
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