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Abstract
The present study investigates the wave-damping characteristics due to the combination of bottom-standing porous structure, submerged 
porous plate, and fully-extended porous structure of finite width using the small amplitude wave theory. The hydrodynamic characteristics 
such as reflection, transmission, and dissipation coefficients are determined to analyse the wave energy dissipation by the composite 
breakwater using the matched eigenfunction expansion method and orthogonal mode-coupling relation. Darcy’s law is incorporated to the 
flow through porous media. The composite breakwater system is investigated experimentally to validate and compare the numerical results 
with the physical model study. The complex porous effect parameter for the submerged plate is incorporated in the numerical analysis, 
which represents the reactance and resistance of the porous structure. The wave forces on the submerged plate and porous structure for the 
composite breakwater are investigated by considering the effects of changing parameters such as structural porosity, plate submergence, 
angle of incidence, width of the submerged porous structure and distance between the structures. The study illustrates that the increasing 
width of the fully-extended porous structure improves the performance of the breakwater system. The proposed study on the composite 
breakwater yields an useful information for wave energy attenuation, which can be designed and implemented in coastal and harbour areas 
to achieve wave tranquillity.
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1  Introduction

Ports and harbours have become an integral part of a 
country’s economic development, channeling most of 
its trade and offering a strategic location for naval de‐
ployment. A tranquil condition is essential for proper 
functioning facilities inside the port and harbour, which 
ensure the safe anchorage of marine vessels. Adequate 
coastal protection measures are inevitable for the safety 

of coastal communities. The porous structures are em‐
ployed in coastal regions for the energy dissipation of 
gravity waves, thus creating a tranquil zone on the lee‐
ward side of the structure. The porous structures also re‐
duces and eliminate the littoral drift, which is one of the 
main drawbacks of the traditional rubble mound break‐
waters. The porous structure offers the advantage of al‐
lowing water to pass through the structure, thereby re‐
ducing the wave load impact on the structure and en‐
hancing its durability, which is not the case for conven‐
tional breakwater. Moreover, the submerged porous 
structures are simple to construct and do not alter the 
coast’s appealing aesthetic appearance. Further, the 
maintenance required for porous structures is less when 
compared to that of traditional breakwaters. A signifi‐
cant studies on wave interaction with porous structures 
is performed by Dick and Brebner (1968), Dattatri et al. 
(1978), Madsen (1983), Sulisz (1985), Dalrymple et al. 
(1991), Losada et al. (1991, 1995, 1996), Huang and 
Chao (1992) and Ting et al. (2004). The study illus‐
trates that the the submerged porous structure is effec‐
tive in the dissipation of wave energy and has pooved to 
be an efficient breakwater for the protection of coastal 
facilities.

Article Highlights

• The hydrodynamic performance of composite breakwater consist‐
ing of porous structure and submerged plate is analysed analytically 
and validated using the experimental investigation.

• The effect of structural and geometrical parameters are analysed for 
the compsite breakwater system.

• The influence of the wave attenuation charecteristics along with 
wave force experience on the composite breakwater sustem is anal‐
ysed.
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Researchers have performed commendable studies on 
the breakwaters with different cross-sections and the 
submerged bottom-standing porous structures are highly 
capable of dissipating wave energy without causing any 
hindrance to the shoreward flow of water. Bennett et al. 
(1992) proposed a theory for interacting an incident 
plane wave with a slotted wave-screen breakwater. The 
study suggests a semi-empirical nonlinear term contain‐
ing a head-loss coefficient that accounts for the impacts 
of energy dissipation in the flow through the screen. 
Zhu and Chwang (2001) performed an analytical study 
on the wave reflection characteristics due to composite 
porous breakwater lying on a solid foundation having a 
seaward slope. The study observed that the presence of 
a solid foundation does not have much effect on the re‐
flection characteristics. The wave trapping by bottom 
standing and surface piecing porous structures backed 
by a rigid wall is examined by Koley et al. (2015). The 
wave reflection due to the surface-piercing porous struc‐
ture is small compared to the bottom-standing porous 
structure. Somervell et al. (2018) derived an empirical 
formula for determining the friction coefficient of a dou‐
ble-walled permeable vertical breakwater consisting of 
two perforated walls spaced at a certain distance. Re‐
cently, Li et al. (2021) developed a new analytical solu‐
tion for the oblique wave scattering by a perforated 
structure presenting the matrix element into a new form 
using the contour integral technique.

The studies on submerged horizontal porous plate 
proved to achieve wave attenuation and also helps in re‐
ducing the problem of littoral transport as they permit easy 
flow of water. The experimental study conducted by Neela‐
mani and Reddy (1992) on the wave hydrodynamic charac‐
teristics of a rigidly fixed surface and submerged horizon‐
tal plate showed that the transmission coefficient is mini‐
mum and the reflection coefficient is maximum when the 
plate is at still water level. Neelamani and Gayathri (2006) 
experimentally studied the performance of a twin-plate 
wave barrier for different wave heights and wave periods 
and observed that the transmission coefficient reduces and 
the reflection coefficient increases as the relative width of 
the plate increase. Liu and Li (2011) formulated an alterna‐
tive analytical solution for water motion over an offshore 
horizontal plate breakwater and found that the results were 
similar with the results obtained by other analytical ap‐
proaches. Cho and Kim (2013) studied the interaction of in‐
cident waves with a submerged horizontal breakwater 
which showed that the wave-structure interaction enhances 
as plate width increases. Cho et al. (2013) conducted an ex‐
perimental study on the dual porous submerged horizontal 
breakwater. The study found no significant variation in the 
performance of the proposed structure when the lower po‐
rous plate is added at a gap greater than 10% of water 
depth. Das and Bora (2014) studied the reflection of 

oblique gravity waves by a rectangular porous structure 
placed on an elevated horizontal impermeable bottom sup‐
ported by a solid vertical wall at one end. The results are 
compared with that of horizontal ocean bottom (without 
any elevation) to examine the effect of the elevated bot‐
tom. Recently, Mohapatra et al. (2018) presented an analyt‐
ical study on the interaction of gravity waves with sub‐
merged flexible horizontal plates, suggesting wave attenua‐
tion depends on mooring stiffness and porous effect param‐
eter.

Multiple porous structures have proved to be more effec‐
tive than single porous structures. These structures can be 
either vertically or horizontally stratified or a series of 
structures placed at certain distances. Twu and Chieu 
(2000) developed an offshore breakwater composed of 
multiple layers of porous structures with different porosi‐
ties with low values of reflection and transmission coeffi‐
cients. Twu et al. (2002) studied the wave energy dissipa‐
tion characteristics of vertically stratified porous structure 
under wave attack. The wave damping is noted to increase 
as the porosity and thickness of structures increases. Yang 
et al. (2017) studied the performance of multiple sub‐
merged porous bars near a vertical wall under wave attack 
using an analytical solution. The study observed that the 
spacing between the bars should be appropriately deter‐
mined for better performance. The performance of strati‐
fied porous blocks backed by a sea wall due to the pres‐
ence of flat, elevated, and stepped sea beds are studied by 
Venkateswarlu and Karmakar (2020). The reduction in 
wave force on the sea wall in the case of a stepped bed is 
noted when compared to a flat and elevated bed. Further, 
Venkateswarlu and Karmakar (2021) performed a numeri‐
cal analysis on the wave-dissipating characteristics of mul‐
tiple porous structures of finite thickness considering the 
leeward unbounded region and confined region, which 
suggested that the increase in the number of structures en‐
hances wave damping.

Studies on floating-type breakwaters have been of broad 
interest over the years. These breakwaters are economical 
when there is a need to provide a calm sheltered region for 
a short duration as these are mobile structures that can be 
transported after their use, unlike the conventional break‐
waters. Arunachalam (1982) conducted experimental stud‐
ies on porous horizontal floating plate breakwater and found 
that the transmission characteristics are greatly influenced 
by the wave steepness and length of the breakwater. Wang 
and Sun (2010) experimentally studied the performance of a 
porous floating breakwater under waves. The study ob‐
served that the transmission reduces with increased 
lengths of the breakwater and the mooring force. Patil and 
Karmakar (2022) analysed the hydrodynamic characteris‐
tics of a floating tunnel with submerged rubble mound 
breakwater (SRMB). The hydrodynamic coefficient are ob‐
served to be efficient with the increased depth of submer‐
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gence for increased porosity in the SRMB armour layer. 
Xie (2022) analysed long wave reflection from an array of 
trapezoidal breakwaters. The sloping seabed is noted to 
surpass the resonance frequency while strengthening the 
Bragg reflection.

The studies performed by researchers provided limited 
information regarding the wave-damping characteristics 
of combinations of different types of porous structures. 
Hence, to bridge the research gap, the present study analy‐
ses the wave dissipation characteristics of various combi‐
nations of bottom-standing porous structures, submerged 
horizontal porous plate, and fully extended porous struc‐
tures. The matched eigenfunction expansion method and 
the orthogonal mode-coupling relation are incorporated 
to determine the wave transformation along with the 
wave force due to the composite breakwater system. The 
study provides insight into the optimum configuration for 
which the porous structure achieves maximum wave ener‐
gy dissipation, enhancing the efficiency of the coastal 
structure.

2  Mathematical formulation for composite 
breakwater

The wave interaction with a combination of bottom-
standing porous structure, submerged porous plate, and 
the fully-extended porous structure is analysed using the 
small-amplitude wave theory. The Cartesian coordinate 
system is considered with x-axis taken as horizontal and 
the y-axis considered vertically downward positive. The 
fluid domain is divided into nine regions (Figure 1), up‐
stream open water region at 0 < x < ∞, 0 < y < h as re‐
gion-1 (R1), the fluid domain above the bottom-standing 
porous structure at − a1 < x < 0, 0 < y < h1 is taken as 
region-2 (R2), bottom-standing submerged porous struc‐
ture region at − a1 < x < 0, h1 < y < h is taken as region-
3 (R3), fluid domain between the porous structure and 
porous plate at − a2 < x <− a1, 0 < y < h as region-4 

(R4), fluid domain above the porous plate at − a3 < x <
− a2, 0 < y < h1 as region-5 (R5), fluid domain below the 
submerged porous plate at − a3 < x <− a2, h1 < y < h as 
region-6 (R6), fluid domain between the plate and the 
fully extended porous structure at − a4 < x <− a3, 0 < y <
h as region-7 (R7), fully-extended porous structure 
at − a5 < x <− a4, 0 < y < h as region-8 (R8) and down‐
stream open water region at − ∞ < x <− a5, 0 < y < h as 
region-9 (R9).

The fluid is a considered to be incompressible, inviscid 
and the motion is irrotational and simple harmonic in time 
with frequency ω and the velocity potential Φj ( x, y, z, t ) 

in the respective regions are represented as Φj ( x, y, z, t ) =

Re{ϕj ( x, y )e− ilz − iωt} along with the free surface deflection 

represented as ζ j ( x, z, t ) = Re{ηj ( x )e− ilz − iωt} where Re is 

the real part and l = γ10 sin θ is the wavenumber in z direc‐
tion, θ is the angle of incidence, γ10 is the progressive 
wave number in y direction and the subscript j denotes the 
respective regions. The velocity potential ϕj ( x, y ) satisfies 
the Helmholtz equation given by

∂2ϕj

∂x2
+

∂2ϕj

∂y2
− l2ϕj = 0  for 0 < y < h (1)

The bottom is considered to be impermeable without 
any elevation, and there is no flow of fluid through the 
sea bed. So the bottom boundary condition is of the 
form

∂ϕj ( x, y )

∂y
= 0  at   y = h   for   j = 1, 4, 6, 7, 9 (2)

The linearized free surface boundary condition in open 
water region is given by

∂ϕj ( x, y )

∂y
+
ω2

g
ϕj ( x, y ) = 0  at y = 0  for  j = 1, 4, 7, 9 (3)

Figure 1　Schematic diagram of composite porous breakwater
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The linearized free surface condition in the porous struc‐
ture region for the bottom-standing porous structure is giv‐
en by

∂ϕj ( x, y )

∂y
+
ω2 ( s1 + if1 )

g
ϕj ( x, y ) = 0   at  

h1 < y < h   for   j = 3 (4a)

where s1 is the inertia coefficient and f1 is the friction coef‐
ficient for the bottom-standing porous structure. The lin‐
earized boundary condition for the porous plate at the in‐
terface is given by

∂ϕ5∂y
=

∂ϕ6∂y
= iγ10Gp (ϕ6 − ϕ5 )   for   y = h1 (4b)

where Gp =
ρbω
μ

 is the porous effect parameter, ρ is the 

density of the structure, b is the material constant and μ is 
the dynamic viscosity constant. Further, the linearized 
boundary condition for the fully-extended porous structure 
is given by

∂ϕj ( x, y )

∂y
+
ω2 ( s2 + if2 )

g
ϕj ( x, y ) = 0    at    y = 0    for    j = 8

(4c)

where s2 is the inertia coefficient and f2 is the friction coef‐
ficient of the fully-extended porous structure. The bound‐
ary condition at the interface y = h1 for the bottom-stand‐
ing porous structure is given by

ϕ2 = ( s1 + if1 )ϕ3   and   
∂ϕ2∂y

= ε1

∂ϕ3∂y
(5)

The continuity of velocity and pressure at the edge x =
0, − a1 is given by

ϕ2 ( x, y ) =
ì
í
î

ïï

ïïïï

|ϕ1 ( x, y )
x = 0

  

|ϕ4 ( x, y )
x =  − a1

 
and  ϕ2x ( x, y ) =

ì
í
î

ïïïï

ïïïï

|ϕ1x ( x, y )
x = 0

  

|ϕ4x ( x, y )
x =− a1

 
  for  0 < y < h1 (6a)

( s1 + if1 )ϕ3 ( x, y ) =
ì
í
î

ïï

ïïïï

|ϕ1 ( x, y )
x = 0

  

|ϕ4 ( x, y )
x =− a1

 
and  ε1ϕ3x ( x, y ) =

ì
í
î

ïïïï

ïïïï

|ϕ1x ( x, y )
x = 0

  

|ϕ4x ( x, y )
x =− a1

 
  for  h1 < y < h (6b)

Further, at the edge x =− aj, j = 2, 3 of the fluid and po‐
rous plate interfaces, the continuity of velocity and pres‐
sure is given by

ϕ5 ( x, y ) =
ì

í

î

ïïïï

ïïïï

|ϕ4 ( x, y )
x =− a2

  

|ϕ7 ( x, y )
x =− a3

 
and

ϕ5x ( x, y ) =
ì

í

î

ïïïï

ïïïï

|ϕ4x ( x, y )
x =− a2

  

|ϕ7x ( x, y )
x =− a3

 
  for  0 < y < h1 (7a)

ϕ6 ( x, y ) =
ì

í

î

ïïïï

ïïïï

|ϕ4 ( x, y )
x =− a2

  

|ϕ7 ( x, y )
x =− a3

 
and

ϕ6x ( x, y ) =
ì

í

î

ïïïï

ïïïï

|ϕ4x ( x, y )
x =− a2

  

|ϕ7x ( x, y )
x =− a3

 
  for  h1 < y < h (7b)

In addition, at the edge x =− aj, j = 4, 5 of the fully-ex‐
tended porous structure, the continuity of velocity and 
pressure is given by

( s2 + if2 )ϕ8 ( x, y ) =
ì

í

î

ïïïï

ïïïï

|ϕ7 ( x, y )
x =− a4

  

|ϕ9 ( x, y )
x =− a5

 
and 

 ε2ϕ8x ( x, y ) =
ì

í

î

ïïïï

ïïïï

|ϕ7x ( x, y )
x =− a4

  

|ϕ9x ( x, y )
x =− a5

 
for  0 < y < h (8)

The wave number in the upstream/downstream free-
water region γjn for j = 1, 4, 7, 9 and the bottom-standing 
porous structure region γ2n satisfies the dispersion rela‐
tion for finite water depth is given by

ω2 =
ì
í
î

ïïgγj0 tanh γj0h      for      n = 0

− gγjn tan γjnh      for      n = 1, 2, ....
 for   j = 1, 4, 7, 9

(9a)

ω2 − gγ2n tanh γ2nh − Fn (ω2 tanh γ2nh − γ2n g ) = 0

for   n = 0, 1, 2, ....
(9b)

where Fn =
{ }( s1 + if1 ) − ε1 tanh γ2n (h − h1 )

{ }( s1 + if1 ) − ε1 tanh2γ2n (h − h1 )
, ω is the 

wave frequency and g is the acceleration due to gravity. 
Further, the wave number γ5n within − a2 < x <− a3, 0 <
y < h satisfies the dispersion relation of the form for n =
0, 1, 2, ... given by

γ5n sinh γ5n (h − h1 ) {gγ5n sinh γ5nh1 − ω2 cosh γ5nh1} −
ik10Gp{ω2 cosh γ5nh − gγ5n sinh γ5nh} = 0 (10)

The wave number γ8n for the fully-extended porous 
structure satisfies the dispersion relation given by

ω2 ( s2 + if2 ) = gγ8n tanh γ8nh   for  n = 0, 1, 2, .... (11)
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In the far-field region, the radiation conditions in the 
presence of a porous structure with the barrier are given 
by

ϕj( x, y) =
ì
í
î

ïï

ïï

( )I10e− iγ10 x + R10eiγ10 x f10( )y       as   x → ∞

( )T90e− iγ90 x f90( )y                    as   x →− ∞
(12)

where I10, R10 and T90 are the complex amplitude of the in‐
cident, reflected and transmitted wave amplitudes respec‐
tively.

3  Method of solution for composite breakwater

The velocity potentials ϕj ( x, y ) in each of the regions 

satisfy the Helmholtz Equation (1) along with the bound‐
ary conditions (2) – (4) is of the form

ϕ1( x, y) = ( I10e− ik10 x + R10eik10 x ) f10 ( y ) +

∑
n = 1

∞

R1ne− k1n x f1n ( y )  for  0 < x < ∞, 0 < y < h (13a)

ϕ2( x, y) = ∑
n = 0

∞

{A2ne− ik2n x + B2neik2n ( x + a1 )} f2n ( y )

for − a1 < x < 0, 0 < y < h1 (13b)

ϕ3( x, y) = ∑
n = 0

∞

{A2ne− ik2n x + B2neik2n ( x + a1 )}
f3n ( y )  for − a1 < x < 0, h1 < y < h

(13c)

ϕ4( x, y) = ( A40e− ik40 ( x + a1 ) + B40eik40 ( x + a2 ) ) f40 ( y ) +

∑
n = 1

∞

{A4nek4n ( x + a1 ) + B4ne− k4n ( x + a2 )} f4n ( y )

for − a2 < x <− a1, 0 < y < h

(13d)

ϕ5( x, y) = ∑
n = 0

∞ ì
í
î

ü
ý
þ

A5n

cos k5n x
cos k5na2

+ B5n

sin k5n x
sin k5na3

f5n ( y )   for 

− a3 < x <− a2, 0 < y < h1 (13e)

ϕ6( x, y) = ∑
n = 0

∞ ì
í
î

ü
ý
þ

A5n

cos k5n x
cos k5na2

+ B5n

sin k5n x
sin k5na3

f6n ( y )  for 

− a3 < x <− a2, h1 < y < h (13f)

ϕ7( x, y) = ( A70e− ik70 ( x + a3 ) + B70eik70 ( x + a4 ) ) f70 ( y ) +

∑
n = 1

∞

{A7nek7n ( x + a3 ) + B7ne− k7n ( x + a4 )} f7n ( y )

for − a4 < x <− a3, 0 < y < h

(13g)

ϕ8( x, y) = ∑
n = 0

∞

{A8ne− ik8n ( x + a4 ) +

B8neik8n ( x + a5 )} f8n ( y )  for −a5 < x <−a4, 0 < y < h

(13h)

ϕ9( x, y) = T90e− ik90 ( x + a5 ) f90 ( y ) +

∑
n = 1

∞

T9nek9n ( x + a5 ) f9n ( y )  for −∞ < x <−a5, 0 < y < h

(13i)

where I10 is the incident wave amplitude taken as unity 
and R1n, A2n, B2n, A4n, B4n, A5n, B5n, A7n, B7n, A8n, B8n and T9n 
for n = 0, 1, 2, ... the unknown constants are to be deter‐
mined. The eigenfunctions for the open-water regions for 
j = 1, 4, 7, 9 are given by

fjn ( y ) =
cosh γjn (h − y )

cosh γjnh
  for  n = 0  and

fjn ( y ) =
cos γjn (h − y )

cos γjnh
  for  n = 1, 2, 3, ... (14)

where γjn for j = 1, 4, 7, 9 are the eigenvalues and will sat‐
isfy the open water dispersion relation as in Eq. 9(a) satis‐
fying γjn

2 = kjn
2 + l2, where γjn is the wave number in y di‐

rection, kjn is the wave number in x direction, and l =
γ10 sin θ is the wave number in the z direction. The eigen‐
functions fjn ( y ) for j = 2, 3 for the bottom-standing sub‐

merged porous structure region are given by

f2n ( y ) =
ì
í
î

cosh γ2n (h − y ) − Fn sinh γ2n (h − y )
cosh γ2nh − Fn sinh γ2nh

ü
ý
þ

(15)

f3n ( y ) =

ì
í
î

1 − Fn tanh γ2n (h − h1 )
( s1 + if1 ) (cosh γ2nh − Fn sinh γ2nh )

ü
ý
þ

cosh γ2n (h − y )

(16)

where Fn =
{ }( s1 + if1 ) − ε1 tanh γ2n (h − h1 )

{ }( s1 + if1 ) − ε1 tanh2γ2n (h − h1 )
(17)

ε1 is the porosity, s1 is an inertial parameter, and f1 is the 
friction coefficient of the bottom-standing porous structure, 
where γ2n satisfies the dispersion relation as in Eq. (9b). 
The eigenfunctions for the submerged porous plate region 
j = 5 and 6 is given by

f5n ( y ) = sinh γ5n (h − h1 ) {gγ5n cosh γ5n y − ω2 sinh γ5n y}
(18a)
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f6n ( y ) =− {gγ5n sinh γ5nh1 − ω2 cosh γ5nh1}cosh γ5n (h − y )

(18b)

where γ5n is the eigenvalue satisfies the dispersion relation 
as in Eq. (10). Further, the eigenfunctions fjn ( y ) for the 
fully-extended porous structure region at j = 8 is given by

f8n ( y ) =
cosh γ8n (h − y )

cosh γ8nh
  for  n = 0, 1, 2, ... (19)

where γ8n, n = 0, 1, 2, ... are eigenvalues and satisfies the 
dispersion relation as in Eq. (11). The eigenfunction fjn ( y ) 
in the open water region j = 1, 4, 7, 9 satisfy the orthogo‐
nality relation given by

fjm, fjn
j = 1, 4, 7, 9

= {0    for  m ≠ n
Cn  for  m = n

(20)

with respect to the orthogonal mode-coupling relation de‐
fined by

fjm, fjn
j = 1, 4, 7, 9

= ∫
0

h

fjm ( y ) fjn ( y )dy (21)

where Cn =
ì
í
î

ïï
ïï

2γjnh + sinh 2γjnh

4γjn cosh2γjnh

ü
ý
þ

ïï
ïï
 for n = 0 with Cn for n =

1, 2, 3, ... are obtained by substituting γjn = iγjn.
In order to determine the unknown coefficients, the or‐

thogonal mode coupling relation as in Eq. (21) is employed 
on ϕj( x, y) and ϕjx( x, y) with the eigenfunction fjm ( y ) 

along with continuity of velocity and pressure as in Eq. 
(6a) across the vertical interface x = 0, 0 < y < h to obtain

ϕj( )x, y , fjm( )y
j = 1

= ∫
0

h

ϕj( )x, y fjm( y)dy

= ∫
0

h1

ϕj + 1( )x, y fjm( y)dy +

(s1 + if1 ) ∫
h1

h

ϕj + 2( )x, y fjm( y)dy for m = 0, 1, 2, ...

(22a)

ϕjx( )x, y , fjm( )y
j = 1

= ∫
0

h

ϕjx( )x, y fjm( y)dy

= ∫
0

h1

ϕ( )j + 1 x( )x, y fjm( y)dy +

ε1∫
h1

h

ϕ( )j + 2 x( )x, y fjm( y)dy for m = 0, 1, 2, ...

(22b)

Further, the orthogonal mode coupling relation as in 

Eq. (21) is employed on ϕj( x, y) and ϕjx( x, y)with the ei‐

genfunction fjm ( y ) along with continuity of velocity and 
pressure as in Eq. (6b) across the vertical interface x =
− a1, 0 < y < h to obtain

ϕj ( )x, y , fjm ( )y
j = 4

= ∫
0

h

ϕj ( )x, y fjm ( y)dy

= ∫
0

h1

ϕj − 2 ( )x, y fjm ( y)dy +

(s1 + if1 ) ∫
h1

h

ϕj − 1 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(23a)

ϕjx ( )x, y , fjm ( )y
j = 4

= ∫
0

h

ϕjx ( )x, y fjm ( y)dy

= ∫
0

h1

ϕ( )j − 2 x
 ( )x, y fjm ( y)dy +

ε1∫
h1

h

ϕ( )j − 1 x
 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(23b)

Now, due to the presence of the submerged floating 
plate, the orthogonal mode coupling relation as in Eq. 
(21) is employed on ϕj ( x, y) and ϕjx ( x, y) with the eigen‐

function fjm ( y ) along with continuity of velocity and 
pressure as in Eq. (7a) across the vertical interface x =
− a2, 0 < y < h to obtain

ϕj ( )x, y , fjm ( )y
j = 4

= ∫
0

h

ϕj ( )x, y fjm ( y)dy

= ∫
0

h1

ϕj + 1 ( )x, y fjm ( y)dy +

∫
h1

h

ϕj + 2 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(24a)

ϕjx ( )x, y , fjm( )y
j = 4

= ∫
0

h

ϕjx ( )x, y fjm ( y)dy

= ∫
0

h1

ϕ( )j + 1 x
 ( )x, y fjm ( y)dy +

∫
h1

h

ϕ( )j + 2 x
 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(24b)

Further, the orthogonal mode coupling relation as in Eq. 
(21) is employed on ϕj ( x, y) and ϕjx ( x, y) with the eigen‐

function fjm ( y ) along with continuity of velocity and pres‐
sure as in Eq. (7b) across the vertical interface x =− a3, 0 <
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y < h to obtain

ϕj ( )x, y , fjm ( )y
j = 7

= ∫
0

h

ϕj ( )x,y fjm ( y)dy

= ∫
0

h1

ϕj − 2 ( )x, y fjm ( y)dy +

∫
h1

h

ϕj − 1 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(25a)

ϕjx ( )x, y , fjm ( )y
j = 7

= ∫
0

h

ϕjx ( )x, y fjm ( y)dy

= ∫
0

h1

ϕ( )j − 2 x
 ( )x, y fjm ( y)dy +

∫
h1

h

ϕ( )j − 1 x
 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(25b)

Again, due to the presence of a fully-extended porous 
structure, the orthogonal mode coupling relation as in Eq. 
(21) is employed on ϕj ( x, y) and ϕjx ( x, y) with the eigen‐

function fjm ( y ) along with continuity of velocity and pres‐
sure as in Eq. (8) across the vertical interface x =− a4, 0 <
y < h to obtain

ϕj ( )x, y , fjm ( )y
j = 7

= ∫
0

h

ϕj ( )x, y fjm ( y)dy

= (s2 + if2 ) ∫
0

h

ϕj + 1 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(26a)

ϕjx ( )x, y , fjm ( )y
j = 7

= ∫
0

h

ϕjx ( )x, y fjm ( y)dy

= ε2∫
0

h

ϕ( )j + 1 x
 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(26b)

Further, the orthogonal mode coupling relation as in Eq. 
(21) is employed on ϕj ( x, y) and ϕjx ( x, y) with the eigen‐

function fjm ( y ) along with continuity of velocity and pres‐
sure as in Eq. (8) across the vertical interface x =− a5, 0 <
y < h to obtain

ϕj ( )x, y , fjm ( )y
j = 9

= ∫
0

h

ϕj ( )x, y fjm ( y)dy  

= (s2 + if2 ) ∫
0

h

ϕj − 1 ( )x, y fjm ( y)dy  for  m = 0, 1, 2, ...

(27a)

ϕjx( )x, y , fjm( )y
j = 9

= ∫
0

h

ϕjx ( )x, y fjm ( y)dy

= ε2∫
0

h

ϕ( )j − 1 x
 ( )x, y fjm ( y)dy for m = 0, 1, 2, ...

(27b)

The infinite sums presented in Eqs. (22)–(27) is truncat‐
ed up to finite M terms to obtain a linear system of 12 (M +
1) algebraic equations for the determination of 12 (M + 1) 
unknowns, and the wave reflection and transmission due to 
the combined bottom-standing porous structure, submerged 
plate and fully-extended porous structure are obtained as

 Kr =
|

|
|
||
| R10

I10

|

|
|
||
|
  and   Kt =

|

|
|
||
| T90

I10

|

|
|
||
|

(28a)

Due to the existence of porous blocks, the energy dissi‐
pation in the wave propagation through the porous struc‐
ture is represented as

Kd = 1 − K 2
r − K 2

t (28b)

The wave force acting on the front and back side of the 
bottom-standing porous structure can be represented as

K 1
fs1

=
F 1

f

2ρgI10h
    and   K 1

fs2
=

F 1
b

2ρgI10h
(29a)

where F 1
f = iρω ∫

h1

h

(ϕ3 − ϕ1 )dy   at   x = 0 (29b)

F 1
b = iρω ∫

h1

h

(ϕ3 − ϕ4 )dy  at  x =−a1 (29c)

The wave force acting on the horizontal porous plate is 
given by

Kp =
Fp

2ρgI10h
(30a)

where 

Fp = iρω ∫− a3

− a2

(ϕ5 − ϕ6 )dx (30b)

The wave force acting on the front and back side of ful‐
ly-extended porous structure can be represented as

K 2
fs1

=
F 2

f

2ρgI10h
    and   K 2

fs2
=

F 2
b

2ρgI10h
(31a)

where F 2
f = iρω ∫

0

h

(ϕ8 − ϕ7 )dy   at   x =−a4 (31b)

F 2
b = iρω ∫

0

h

(ϕ8 − ϕ9 )dy   at   x =−a5 (31c)

4  Physical modelling of composite breakwater

The experimental investigation on the wave interac‐
tion with the composite breakwater is carried out in a 
two-dimensional monochromatic wave flume in the Ma‐
rine Structures Laboratory of the Department of Water 

462



K.R. Athul Krishna, et al.: Wave Energy Damping due to Coupled Porous Structure and Submerged Porous Plate

Resources and Ocean Engineering at the National Insti‐
tute of Technology Karnataka, India. The total length of 
the flume is 50 m, with the width and depth being 0.71 m 
and height of 1.1 m, respectively.

The flume has a channel length of 42 m with a bottom 
hinged flap-type wave generator at one end and a rubble 
mound spending beach of slope 1V:10H. The bottom 
hinged flap-type wave generator is operated by an induc‐
tion motor (11 kW, 1 450 r/m). The motor is regulated us‐
ing an inverter drive with a frequency ranging 0 – 50 Hz 
and rotates at a varying speed of 0–155 r/m. The wave 
filters made of asbestos cement sheet are provided to 
eliminate the disturbance due to consecutive reflections 
and to polarize the waves the wave maker generates. 
The schematic representation of the experimental setup 
is presented in Figure 2 and the flume details is dis‐
cussed in Table 1.

4.1  Model scale

The fundamental of all physical modelling is similitude 
of the model and prototype. The surface tension and the 
viscous effects are negligible in the prototype, as in the re‐
al sea condition the flow will be turbulent. Also, in wave 
motion the gravity effect is predominant in the prototype. 

In such conditions Froude similitude is selected. The 
choice of scale, for the model test is often limited by 
constraints posed in the available experimental facility. In 
the present study, similitude is achieved by the method of 
dimensional analysis. To simulate the field conditions of 
wave height, period and depth of water by application of 
Froude’s law, a geometrically similar model scale of 1:30 
is selected for the present experimental work.

The breakwater model is tested with the existing facilities 
in Wave Flume laboratory of Department of Water Resources 
and Ocean Engineering, NITK, Surathkal. The wave height 
and wave period of Mangalore coast varies from 1–5.4 m, 
8–12 s respectively. In the laboratory regular wave height 
ranges from 0.06–0.24 m and wave period ranging from 1–3 
s can be generated in a maximum water depth of 0.70 m. So, 
for the studies, a geometrically similar scale (Table 2) of 1:30 
is selected for the present experimental investigation.

4.2  Composite porous structure with submerged 
plate

The composite structure is modelled with a 1: 30 scale 
using Froude’s similitude criteria. The investigations are 
conducted for different porosity of the structure and the 
submerged plate on varying the wave heights H and wave 
periods T. The composite breakwater consists of the fully-ex‐
tended porous structure, submerged plate and bottom-stand‐
ing porous structure, whose dimensions are listed in Table 3.

4.3  Experimental procedure

The experimental study is conducted for the composite 
bottom-standing porous structure, submerged porous plate, 

Table 1　Flume details

Total length (m)

Channel length (m)

Width (m)

Channel depth (m)

Maximum water depth (m)

Wave flume type

Wave Generator

Waves generated

Wave absorber

Range of wave height 
generation (m)

Range of wave period 
generation (s)

50

42

0.74

1.1

0.5

Two dimensional

Bottom hinged flap type

Monochromatic type

Rubble mound spending beach

0.06 – 0.24

1.0 – 3.0

Table 2　Selection of the model scale

Scale

1∶10

1∶20

1∶30

1∶40

Hi (m)

1

0.1

0.05

0.033

0.025

5.4

0.54

0.27

0.18

0.135

T
·
 (s)

8

2.53

1.79

1.46

1.26

12

3.8

2.68

2.19

1.9

Figure 2　Schematic representation of experimental setup
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and fully-extended porous structure. The wave flume is 
calibrated for different water depths to obtain the incident 
wave heights for different combinations of wave height 
and wave period. The capacitance type wave probes are in‐
stalled to measure the water surface elevation and the 
wave probes are calibrated every time before starting the 
experiment. The wave height is measured using three 
probe method as suggested by Isaacson (1991) to calculate 
the wave reflection. Three probes are installed before the 
model (in the seaward side) to measure the incident and re‐
flected wave height. The spacing between the probes in the 
seaward side is adjusted to one-third of the wavelength to en‐
sure accuracy of wave reflections (Goda and Syzuki, 1976; 
Isaacson, 1991). The transmitted wave heights are recorded 
from a probe which is placed at a distance L from the model 
towards the lee side. The list of experimental variables used 
in the present investigation is presented in Table 4 and the 
experimental set up for the composite breakwater is shown 
in Figure 3. The accuracy of the experiments is ensured by re‐
peating the cases thrice under the same conditions.

4.4  Reflection transmission and dissipation 
coefficient

The wave reflection coefficient is obtained as the ratio 
of the reflected wave height and incident wave height rep‐

resented as

 Kr =
Hr

Hi

(32)

The reflected wave height Hr are obtained by the three-
probe method as proposed by Issacson (1991). The wave 

transmission coefficient is obtained as the ratio of the 
transmitted wave height and incident wave height given by

 Kt =
Ht

Hi

(33)

The dissipation coefficient is obtained by considering 
the energy balance condition as in Eq. (28b). In the pres‐
ent study, the experimental investigation is performed to 
validate the numerical results obtained using the eigen‐
function expansion method.

5  Numerical results and discussions

The numerical investigation for the wave interaction 

Table 4　Experimental variables of composite breakwater

Variables

Wave period (s)

Incident wave height (m)

Water depth (m)

Angle of wave attack

Incident wave steepness

Expression

T

Hi

h

θ

Hi /gT 2

Parameter range

1.4, 1.6, 1.8, 2.0

0.06, 0.08, 0.10, 0.12, 0.14

0.45

0°

0.001 5 – 0.006 2

Table 3　Structural dimensions of the model (m)

Structural parameters

Bottom-standing stucture

Submerged plate

Fully extended structure

Model dimensions

Width

0.72

0.72

0.72

Thickness

0.15

0.002

0.15

Height/Length

0.25

1.0

0.5

Figure 3　Experimental setup for composite breakwater in NITK wave flume
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with the combined bottom-standing porous structure, 
submerged porous plate and fully extended porous struc‐
ture is conducted using the small amplitude wave theo‐
ry. The analysis is performed to understand the effect of 
structural and geometrical parameters such as structural 
porosity, submergence depth of plate, angle of incidence 
and width of the porous structures on wave energy dissipa‐
tion. The reflection coefficient Kr, transmission coefficient 
Kt and dissipation coefficient Kd are analysed. In addi‐
tion, the wave force on the front K 1

fs1
 and back K 1

fs2
 of the 

bottom standing porous structure, wave force on the 
plate Kfp, wave force on the front K 2

fs1
 and back K 2

fs2
 of the 

fully extended porous structure are also analysed. The 
parameters such as density of the fluid ρ = 1 025 kg/m3 
and acceleration due to gravity g = 9.8 m/s2 are kept con‐
stant throughout the numerical modelling. The conver‐
gence study for the Kr and Kt due to the increasing num‐
ber of evanescent modes M is performed and it is noted 
that, with the increasing number of evanescent mode 
M ≥ 10 the convergence in the reflection and transmis‐
sion coefficient is evident. In order to validate the nu‐
merical model developed using the eigenfunction expan‐
sion method, the comparative study with the results of 
the single submerged plate (Liu and Li, 2011; Cho and 
Kim, 2013) and submerged porous structure (Sollitt and 
Cross, 1972; Sulisz, 1985) is performed and discussed 
in detail. Further, the experimental investigation for the 
combined porous structure with submerged porous plate 
is perfomed and the results for the experimental study 
are compared with the numerical results as obtained us‐
ing the eigenfunction expansion method.

5.1  Validation of numerical and experimental model

The comparative study of the numerical model is per‐
formed with the results of the submerged plate (Liu and 
Li, 2011; Cho and Kim, 2013) and submerged porous 

structure (Sollitt and Cross, 1972; Sulisz, 1985) in Figure 4. 
The comparative study for the submerged plate (Figure 4(a)) 
with Liu and Li (2011) and Cho and Kim (2013) shows 
that the numerical result obtained using the present ap‐
proach coincide with the result available in the literature. 
The maximum value of the reflection coefficient is ob‐
served within 1.2 < γ10h < 1.6 and with the increase in the 
wavenumber the Kr decreases and approaches to minimum.

The wave transformation due to the rectangular porous 
structure with finite thickness is compared with Sollitt and 
Cross (1972) and Sulisz (1985) in Figure 4 (b) on compar‐
ing the Kr and Kt for εs = 0.4 and f = 0.5. The comparative 
study shows a good agreement of the numerical result with 
Sollitt and Cross (1972). The study shows that, the wave 
reflection coefficient increases within 0.01 < γ10h < 1.5 
and thereafter decreases. On the other hand, the transmis‐
sion coefficient decreases with the increase in γ10h.

In Figure 5, the numerical investigation on the wave re‐
flection and transmission coefficient performed for the 
composite porous structure with submerged plate is vali‐
dated with the physical model study. The reflection coeffi‐
cient Kr (Figure 5(a)) and transmission coefficient Kt 
(Figure 5(b)) are plotted against the non-dimensional wave 
number γ10h for varying plate porosity ε2. It is observed 
that the data obtained using the experimental study follows 
the similar pattern with the numerical results within the 
range 0.6 < γ10h < 1.2. The variation of about 5%–10% in 
the hydrodynamic coefficients is noted on comparing the 
experimental and numerical result within 0.6 < γ10h < 1.2 
for different plate porosity. The variation in the numerical 
and experimental result may be due to consideration of the 
fluid to be inviscid in the numercal investigation. Further, 
the friction and inertia present in the model setup are un‐
known during the experimental investigation, but they are 
incorporated with assumed values during the numerical 
analysis which may be one of the cause in the variation in 
the experimental and numerical studies. Additionally, the 

Figure 4　Comparative study of submerged porous plate and porous structure
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numerical model is considered to be infinite, whereas the 
experimental wave tank is horizontally finite, which may 
potentially cause differences in the hydrodynamic coeffi‐
cient values between the investigations.

5.2  Wave reflection, transmission and dissipation 
coefficient

The composite breakwater system’s hydrodynamic per‐
formance is analyzed on studying the wave reflection, 
transmission and dissipation coefficients for different phys‐
ical and geometrical parameters. The study performed on 
the wave scattering by the submerged structure enables us 
to understand the effectiveness of the composite breakwa‐
ter system due to the action of high waves.

5.2.1 Effect of porosity of the fully-extended porous 
structure

Figure 6 shows the reflection Kr, transmission Kt and 
dissipation Kd coefficients against the non-dimensional 
wave number γ10h for different porosity of fully-extended 
porous structure ε3 within 0.2 < ε3 < 0.8. In Figure 6(a), 
the reflection coefficient shows an oscillating pattern with‐
in 0.01 < γ10h < 1.15 and suddenly increases for all values 
of ε3. The study noted that the value of Kr is higher for 
minimum porosity and is lower for maximum porosity. 
Further, the transmission coefficient decreases upto γ10h =
0.5 and then increases within 0.5 < γ10h < 1.0 and thereaf‐
ter Kt decreases with increase in γ10h. The transmission co‐
efficient of a fully-extended porous structure also increas‐
es as the porosity increases which may be due to the fact 
that, as the structure’s porosity increases, more water can 
pass through the pore space, thus increasing the transmis‐
sion coefficient and decreasing the reflection coefficient. 
The wave energy dissipation is noted higher when the po‐

rosity of the fully-extended structure is low (Figure 6(b)). 
This could be due to the damping of waves within the 
spaces between the porous structures, as the porosity de‐
creases. The damping coefficient is noted minimum within 
1.8 < γ10h < 4.0.

5.2.2 Effect of submergence depth of plate
The reflection Kr, transmission Kt and dissipation Kd co‐

efficients (Figure 7) are plotted against the non-dimension‐
al wave number γ10h for varying plate submergence depth 
h1 /h. In Figure 7(a), it is observed that the reflection coeffi‐
cient shows an oscillating trend as γ10h increases for all 
values of plate submergence depth. It is noted that the re‐
flection coefficient decreases as the plate submergence 
depth increases. The reflection coefficient Kr almost re‐
mains constant for γ10h > 4 as plate submergence depth in‐
creases. Further, the transmission coefficient decreases up 
to γ10h = 1 and then oscillates to a constant value as in the 
case of the reflection coefficient. The higher submergence 
depths result in a higher transmission coefficient. The 
higher transmission coefficient with the increase in sub‐
mergence depth may be due to the free flow water above 
the porous plate, allowing more wave transmission and 
less reflection. The effectiveness of the porous structure is 
enhanced when the porous plate is kept at the water sur‐
face level, since the wave energy dissipation (Figure 7(b)) of 
the structure is higher when h1 /h = 0. The wave damping 
is noted to decrease with the increase in the submergence 
depth of the plate as most of the wave energy is concentrat‐
ed at the free surface.

5.2.3 Effect of angle of incidence
In Figure 8, the refection Kr, transmission Kt and dissi‐

pation Kd coefficients are plotted against the angle of inci‐
dence θ for various values of porosity ε3 of fully-extended 
porous structure. It is noted that for ε3 = 0.2, the reflection 

Figure 5　Comparative study of Kr and Kt for composite bottom-standing porous structure, submerged porous plate and fully-extended porous structure
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coefficient decreases slightly up to θ = 38° and then in‐
creases for higher values of angle of incidence. Whereas 
for higher values of porosity of fully-extended porous 

structure, the value of Kr increases as the angle of inci‐
dence increases. The transmission coefficent (Figure 8(a)) 
is observed maximum for θ = 0° and for maximum porosi‐

Figure 6　Variation in Kr, Kt and Kd versus γ10h for different values of porosity of fully extended porous structure ε3 considering θ = 30° and h1 /h = 0

Figure 7　Variation in Kr, Kt and Kd versus γ10h for different values of plate submergence depth h1 /h considering θ = 30° and ε3 = 0.3

Figure 8　Variation in Kr, Kt and Kd versus θ for different values of porosity of fully extended porous structure ε3 considering h1 /h = 0 and ε1 = 0.3
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ty of the fully-extended structure. The minimum wave re‐
flection is observed in the range of 30° < θ < 40° which 
can be considered as the critical angle. Thus, it can be con‐
cluded that the critical wave angle lies within 30° < θ <
40°, which will help in the design of coastal defence struc‐
tures for minimum wave reflection. The transmission coef‐
ficient decreases as the angle of incidence increases for 
higher values of porosity. Whereas in case of ε3 = 0.2, a 
slight increase in transmision coefficient is observed with‐
in 45° < θ < 75° after which the value of Kt (Figure 8(a)) 
suddenly decreases. The wave energy dissiaption (Figure 8(b)) 
is observed higher for minimum porosity up to θ = 55° 
and thereafter Kd is higher for minimum porosity. It is ob‐
served that the dissipation coefficient increases up to θ =
55° and then there is a sudden drop in energy dissipation 
coefficient.

Figure 9 shows the reflection, transmission and dissipa‐
tion coefficient against the non-dimensional wave number 
γ10h for different values of angle of incidence. It is observed 
that as the angle of incidence increases, the reflection coeffi‐
cient (Figure 9(a)) increases while the transmission coeffi‐

cient decreases. This could be due to the fact that as the an‐
gle of incidence increases, the wave is reflected more rath‐
er than passing through the porous structure, resulting in 
increased reflection and decreased transmission. Further, it 
is noted that the wave attenuation increases as the angle of 
incidence increases. The wave dissipation coefficient 
(Figure 9(b)) attains maximum value within 0.25 < γ10h <
0.75 and thereafter approach to minimum value with the 
increase in γ10h. The higher wave energy dissipation is not‐
ed in the shallow water region and with the change in the 
angle of incidence the Kd is observed same within 0 <
γ10h < 0.5.

5.2.4 Effect of plate length
The reflection Kr, transmission Kt and dissipation coeffi‐

cients Kd (Figure 10) are plotted against the non-dimen‐
sional wave number γ10h for different values of plate 
length a/h. The reflection coefficient (Figure 10(a)) is 
oberved to increase as the plate length increases up to 
γ10h = 0.75. Further, it is observed that the reflection coef‐
ficient is higher for a/h = 3.0 up to γ10h = 3 and beyond 
γ10h = 3, the value of Kr is higher for a/h = 3.5 

Figure 9　Variation in Kr, Kt and Kd versus γ10h for different values of angle of incidence θ considering ε1 = 0.3, h1 /h = 0 and ε3 = 0.3

Figure 10　Variation in Kr, Kt and Kd versus γ10h for different values of plate length a/h considering ε1 = 0.3, ε3 = 0.3 and h1 /h = 0
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(Figure 10(a)). The wave transmission is observed to re‐
duce as the plate length increases. This may be due to the 
attenuation of more waves throughout the length of the 
plate as the plate length increases and hence reducing the 
transmision coefficient. The wave transmission coefficient 
is reduced to 0.25 from 1.0 as the plate length increases 
within 2.0 < a/h1 < 3.5. Thus as the plate length is in‐
creased, the energy dissipation coefficient increases, 
which could be due to increased wave-porous plate interac‐
tion. Further, the dissipation coefficient (Figure 10(b)) is 
noted to be same for all plate lenghts within 0.25 < γ10h <
0.75 and therafter an oscillating decreasing trend is noted 
for γ10h ≥ 1.0.

5.2.5 Effect of width of fully-extended porous structure
In Figure 11, the reflection, transmission and dissipation 

coefficient are plotted the against the width of the fully-ex‐
tended porous structure w2 /h for different angle of incidence. 
The reflection coefficient (Figure 11(a)) shows an oscillat‐
ing trend as the width of the fully-extended porous struc‐
ture increases. In addition, the resonating crest and trough 
of the reflection coefficient are observed to be decreasing 
as the width of the fully-extended porous structure increas‐
es. It is noted that for normal angle of incidence θ = 0°, 
the resonating trough of wave reflection coefficient reduc‐
es to 0.02 at w2 /h = 1.2. Further, as the width of the fully-
extended porous structure increases, the resonating peak 
and trough increases. It is also observed that the transmis‐
sion coefficient decreases as the width of the fully extend‐
ed porous structure increases and the transmission coeffi‐
cient reduces to 0.1 from 0.55 for θ = 60°. The trend 
shows the increase in the reflection coefficient and de‐
crease in the transmission coefficient as the angle of inci‐
dence increases. The decrease in reflection and transmis‐
sion coefficients as the width of the fully extended porous 
structure increases could be due to the wave being damped 
within the structure, resulting in higher wave energy dissipa‐
tion (Figure 11(b)). The energy dissipation coefficient shows 

oscillating trend with the increase in the width of the fully-
extended porous structure for various angle of incidence.

5.2.6 Effect of distance between the porous structure 
and submerged plate

In Figure 12, the reflection, transmission and dissipa‐
tion coefficient are plotted against the distance between 
the porous structure and the submerged plate L/h for dif‐
ferent angle of incidence. In Figure 12(a), the reflection 
coefficient shows a resonating trend as the distance be‐
tween the porous structure and the plate increases. At the 
resonating crests, the reflection coefficient decreases as 
the porosity of the fully-extended porous structure in‐
creases, while at the resonating troughs, the reflection co‐
efficient increases as the porosity of the fully-extended 
porous structure increases. The constructive and destruc‐
tive interferences of the waves cause the resonating pat‐
terns to appear. The transmission coefficient, on the other 
hand, appears to increase as the porosity of the fully ex‐
tended porous structure increases, both at the resonating 
peaks and troughs. The resonating pattern could be 
caused by the waves being trapped in the space between 
the porous structures. On the other hand, the dissipation 
coefficient (Figure 12(b)) is observed more for minimum 
porosity of the fully-extended porous structure. In addi‐
tion the dissipation coefficient shows maximum value 
within 0 < L/h < 0.5 and 3.5 < L/h < 4.5.

5.3  Wave force on the structure

The effect of the wave force on the submerged struc‐
ture, floating plate and fully extended structure is investi‐
gated for different physical and geometrical parameters to 
analyse the effectiveness of the composite breakwater system.

5.3.1 Effect of porosity of fully-extended porous structure
In Figure 13, the wave force on front K 1

fs1
 and back K 1

fs2
 

of the bottom-standing porous structure, wave force on the 
submerged plate Kfp, wave force on front K 2

fs1
 and back K 2

fs2
 

Figure 11　Variation in Kr, Kt and Kd versus w2 /h for different values of angle of incidence considering ε1 = 0.3, ε3 = 0.3 and h1 /h = 0
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of the fully-extended porous structure are plotted against 
the angle of incidence θ for different values of porosity ε3 
of fully-extended porous structure. The porosity of the bot‐
tom stanidng porous structure ε1 = 0.3 and submerged po‐
rous plate ε2 = 0.1 are kept constant. In Figure 13(a), it is 
observed that the wave force on the bottom standing po‐
rous structure has less effect due to the change in ε3. But 
the slight variation suggests that when the porosity of ful‐
ly-extended structure is lower then wave transmission will 
be less and the wave gets reflected and increases the force 
on bottom-standing structure. As the porosity of the fully-
extended porous structure increases, the wave force on the 
submerged porous plate decreases (Figure 13(b)). Similar‐
ly, in Figure 13(c) as the porosity of the structure increas‐
es, the wave force on the front and back of the fully-ex‐
tended porous structure decreases. This could be due to the 
fact that as the porosity of the full-extended porous struc‐
ture increases, waves can easily pass through it, allowing 
for more transmission and reducing the wave force impact 
on the structure.

5.3.2 Effect of submergence depth of plate
Figure 14 presents the wave force on front K 1

fs1
 and back 

K 1
fs2

 of the bottom standing porous structure, wave force on 

the submerged plate Kfp, wave force on front K 2
fs1

 and back 

K 2
fs2

 of the fully extended porous structure plotted against 

the angle of incidence θ for different values of submer‐
gence depth of plate h1 /h. As the angle of incidence in‐
creases, the wave force on the front and back of the bot‐
tom-standing porous structure (Figure 14(a)) decreases. 
Further, as the plate submergence depth increases, the wave 
force on the front and back of the bottom-standing porous 
structure does not show much variation. In Figure 14(b), 
the wave force on the plate decreases as the angle of inci‐
dence increases. Similar to K 1

fs1
 and K 1

fs2
, the value of Kfp is 

maximum for θ = 0°. Figure 14(c) shows that the wave 
force on the front and back of the fully extended porous 

structure also decreases as the angle of incidence increas‐
es. The wave force on the front and back of the fully-ex‐
tended porous structure does not differ significantly as 
the plate submergence depth increases. When compared 
to porous plates and bottom-standing porous structures, it 
is seen that the wave forces acting on fully-extended po‐
rous structures are substantially lower. This might be be‐
cause the porous plate and the bottom-standing porous 
structure help to dissipate wave energy, which further re‐
duces the impact of waves on the fully-extended porous 
structure.

5.3.3 Effect of width of fully-extended porous structure
In Figure 15, the wave force on front K 1

fs1
 and back K 1

fs2
 

of the bottom-standing porous structure, wave force on the 
submerged plate Kfp, wave force on front K 2

fs1
 and back K 2

fs2
 

of the fully-extended porous structure are plotted against 
the width of the fully-extended porous structures w2 /h for 
different values of angle of incidence θ.

In Figure 15(a), it is noted that the wave force on the 
front of the bottom-standing porous structure increases as 
the width of the fully-extended porous structure increases 
for θ = 0°. Then for higher values of angle of incidence, 
the value of K 1

fs1
 increases and decreases within 0.01 <

w2 /h < 1 and afterwards it shows a gradual increase for 
higher width of fully-extended porous structure. The wave 
force on the back of the bottom-standing porous structure 
has a wavy nature within 0.01 < w2 /h < 3. Beyond that, 
the value of K 1

fs2
 remains constant. In Figure 15(b), the 

wave force on the plate decreases as the width of the fully-
extended porous structure increases for θ = 0° and for 
greater values of θ, the value of Kfp increases and decreas‐
es within 0.01 < w2 /h < 1 and then decreases eventually. 
The wave force on the front and back of the fully extended 
porous structure shows a similar trend (Figure 15(c)). It is 
also noted that within 0.01 < w2 /h < 1, the wave force is 
higher for higher angle of incidence whereas for w2 /h > 1.0, 

Figure 12　Variation in Kr, Kt and Kd versus L/h for different values of porosity of fully-extended porous structure considering θ = 30° and h1 /h = 0
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the wave force is less for higher angle of incidence.

5.3.4 Effect of distance between the porous structure 
and submerged plate

Figure 16 shows the wave force on front K 1
fs1

 and back 

K 1
fs2

 of the bottom standing porous structure, wave force on 

the submerged porous plate Kfp, wave force on front K 2
fs1

 

and back K 2
fs2

 of the fully extended porous structure against 

the distance between the porous structure and submerged 

plate L/h for different values of angle of incidence θ.
In Figure 16(a), the wave force of the front and back 

of the bottom stadning structure shows a resonating pat‐
tern as the distance between the porous structure and the 
submerged plate increases. It is also observed that the 
wave force on the bottom-standing porous structure reduc‐
es with increase in angle of incidence. In Figure 16(b), the 
wave force on the sumerged porous plate is observed to 

Figure 13　 Variation in wave force on submerged structure, plate 
and fully-extended structure versus θ for different values of porosity 
ε3 considering ε1 = 0.3 and h1 /h = 0

Figure 14　 Variation in wave force on submerged structure, plate 
and fully-extended structure versus θ for different values of plate 
submergence depth h1 /h considering ε1 = 0.3 and ε3 = 0.3
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increase to a maximum value at L/h = 1.5 and then de‐
creases to almost zero for all values of angle of inci‐
dence. Thereafter, it again increases and decreases to al‐
most zero at L/h = 4.5. This may be due to the wave at‐
tenuation in the confined region between the porous 
structure and the submerged plate. In Figure 16(c), the 
wave force on the front of the fully extended porous 

structure shows a maximum value at L/h = 0.75 and then 
decreases as L/h increases. The wave force on the back 
of the fully-extended porous structure also shows an os‐
cillating trend with increase in L/h. The resonating trend 
in the wave forces could be due to the trapping of waves 
in the free space between the submerged plate and po‐
rous structure.

Figure 15　 Variation in wave force on submerged structure, plate 
and fully-extended structure versus w2 /h for different values of angle 
of incidence θ considering ε1 = 0.3 and h1 /h = 0

Figure 16　 Variation in wave force on submerged structure, plate 
and fully-extended structure versus L/h for different values of angle 
of incidence θ considering ε1 = 0.3 and h1 /h = 0
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6  Conclusions

The wave damping due to the combination of bottom-
standing porous structure, submerged horizontal porous 
plate and fully-extended porous structure is studied us‐
ing the eigen function expansion method and orthogo‐
nal mode-coupling relation. The hydrodynamic coeffi‐
cients obtained using the numerical investigation are 
validated using the experimental results. The effect of 
various physical and geometrical parameters on the 
wave force on the structure are also analysed for the 
combined porous structure with the submerged plate. 
The conclusions drawn from the present study are as 
follows:

1) The performance of the composite breakwater sys‐
tem is observed better when the plate is on the water 
surface and the energy damping is maximum at plate 
submergence depth close to the free-surface. The reso‐
nating trend in reflection and transmission is observed 
for the composite breakwater system which may be the 
trapping of waves in the confined regions in the porous 
structure, and may be due to the formation of standing 
waves in the gaps between the porous structures.

2) The wave reflection is observed higher for the submerged 
plate at the free surface and the porus structure with less 
porosity and the transmission coefficient is observed to be 
low and also the wave energy dissipation high for larger 
plate lengths.

3) The hydrodynamic coefficients show an oscillating 
pattern as the distance between the porous structure and 
the submerged plate L/h varies. So, a suitable value of L/h 
should be chosen where the transmission coefficient is low 
and energy dissipation is higher.

4) The increase in width of the fully-extended structure 
w2 /h improves the performance characteristics of the pro‐
posed composite breakwater system. Further, it is ob‐
served that when w2 /h < 1.0, the wave force on the struc‐
ture is higher. So, it is better to choose w2 /h > 1 for the de‐
sign purpose.

5) The wave force on the structure and wave transmis‐
sion is higher at lower angle of incidence whereas the re‐
flection coefficient is minimum at θ = 0°. Further, the 
wave force on the fully-extended structure is reduced sig‐
nificantly with the inclusion of the submerged porous plate 
and bottom-standing structure for varius submergence 
depth of the plate.
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