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Abstract
This study analyzes the hydrodynamic performance of an H-shaped pile-restrained composite breakwater integrated with a pair of horizontal 
plates placed on the seaside and the leeside of the breakwater. The wave interaction with the H-shaped breakwater is examined by analyzing the 
wave reflection, transmission, and dissipation coefficients. Additionally, the horizontal wave force coefficients are evaluated to analyze the 
effectiveness of the horizontal plates when integrated with the main structure. The primary structural parameters directly affect the performance 
of the composite breakwater and are varied within the feasible range of nondimensional wave numbers, relative spacings, and incident wave 
angles. This study presents a comparative analysis of the arrangement of the horizontal plates in terms of spacing and inclinations inward and 
outward to the breakwater using a multidomain boundary element method (BEM). The variation of the structural parameters proposes suitable 
dimensions for integrated H-shaped breakwater with horizontal plates that provide optimal performance in shallow and deep-water regions. The 
optimum plate porosity, dimensions of the H-shaped structure, inclinations, and spacing between the plate and breakwater are thoroughly 
discussed. This study shows that impermeable plates are the excellent means to control the wave force in the intermediate water depth regions 
than in deep-water regions at resisting wave force. The wave force coefficient on the breakwater is significantly larger than that on the seaside 
plates. Interestingly, inward-inclined plates perform most efficiently at angles greater than 5° , except in deep-water regions where horizontal 
plates perform better. In addition, this study noted that regardless of water depth, the outward-inclined plates are the least effective in reflecting 
the incident wave energy. This study will help plan the layout of suitable composite structures for efficient near-shore and offshore harbor 
protection according to the site criteria and environmental conditions.

Keywords  Composite breakwater; Horizontal plates; Reflection and transmission coefficients; Multidomain boundary element method 
(Multidomain BEM); Wave force coefficient

1  Introduction

Shoreline and harbor protection from wave-induced ero‐

sion has become a significant concern in the present day. 
To address the issue of using heavy structures in deep-water 
regions and to facilitate the processes of fabrication and 
transportation, floating breakwaters are considered a mod‐
ern solution. However, it is important to acknowledge that 
floating structures may not be able to possess the same level 
of robustness and strength as traditional rubble mound break‐
waters; therefore, floating structures can be integrated with 
additional wave attenuators, such as barriers and plates, to 
ensure safety and stability against wave force. The pres‐
ence of an additional structure can reduce the wave impact 
on the primary structure by increasing wave energy reflec‐
tion toward the incident region and can considerably enhance 
the dissipating wave energy. Studies have been conducted 
by various researchers on combined structures to analyze 
their ability to encounter wave attacks and reduce costs at 
designated locations. Reviews on the basic types of float‐
ing breakwaters, along with their installations and corre‐
sponding costs, have been discussed by Adee (1976). Stud‐
ies have proved that the performance of floating breakwa‐
ters is closely related to incident wave frequency. The con‐
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cept of implementing floating breakwaters was proposed 
by Hales (1981) to employ floating structures to counter 
the reduction of mooring spaces for commercial ships, to 
reduce the cost of construction in deep-sea deep-water 
regions and provide a feasible solution for the problem of 
weak seabed for fixed breakwater foundations. Over the 
50 years, various structural parameters for floating break‐
waters have been studied by Dai et al. (2018) to improve 
efficiency and utility of the floating structures as wave 
attenuating devices. Zhou and Li (2020) reviewed the 
ongoing and past research and application status of float‐
ing breakwaters in terms of wave dissipation and employ‐
ing new materials and suggested viable key points for their 
future development.

Research developments on employing various configu‐
rations of floating structures, emphasize different shapes 
of floating structures that can be utilized as breakwaters 
for efficient wave attenuation. Based on experimental stud‐
ies under submerged and surface-piercing conditions, Mei 
and Black (1969) proposed a rectangular shape for tradi‐
tional breakwaters employed in offshore regions and the 
study concluded that a variational approach efficiently 
facilitates the determination of hydrodynamic coefficients 
of rectangular obstacles. Abul-Azm and Gesraha (2000) 
examined a rectangular pontoon to analyze a fixed case 
and a floating case for various incident angles, relative 
widths, and different drafts using analytical methods. 
Their findings suggest that, the relative dimension of the 
cross section of the pontoon greatly influences its wave 
reflection performance, but its inertial qualities primarily 
determine its dynamic properties. Additionally, it was 
determined that the direction of the waves had minmal 
impact on the reflective properties of the pontoon, espe‐
cially when the waves formed a wide angle with it. A com‐
parative study was performed by Dong et al. (2008) on sin‐
gle-box, double-box, and board-net type floating breakwa‐
ters to optimize the simplest, least expensive, and most 
effective type of breakwater for deep-water regions based 
on an experimental study. The study concluded that the 
board-net floating breakwater, which is simple and inex‐
pensive, can be adopted for aquaculture engineering in deep-
water regions. Innovative shapes of floating breakwaters 
have been the subject of growing interest among researchers 
to reduce the volume of the structure and to make it cost-
efficient in terms of design for the replacement of tradi‐
tional bulky structures, such as rectangular or trapezoi‐
dal shapes. Different floating breakwater configurations, 
such as T-shaped (Neelamani and Rajendran, 2002a; Zhan 
et al., 2017; Deng et al., 2019), ⊥-shaped (Neelamani and 
Rajendran, 2002b; Panduranga and Koley, 2021), U-shaped 
(Günaydın and Kabdaşlı, 2004), Π-shaped (Günaydın and 
Kabdaşlı, 2007; Gesraha, 2006), F-shaped (Duan et al., 
2016), and H-shaped structures (Neelamani and Vedagiri, 
2002), have been analyzed to understand the efficiency 

and performance of breakwater configurations. Consider‐
ing the performance based on wave energy reflection and 
dissipation, T-shaped floating structures are more opera‐
tional and efficient compared to ⊥-shaped and H-shaped 
floating structures in dissipating wave energy up to 65% 
for certain combinations of structural parameters. Recently, 
the concept of a floating breakwater with an H shape has 
also proven effective in reducing reflection and transmis‐
sion coefficients in the case of random waves. Another dis‐
tinctive shape of a floating breakwater proposed by Ji et al. 
(2015), i. e., a cylindrical floating breakwater integrated 
with a flexible mesh cage and several suspending balls, is 
primarily used to absorb wave energy and convert it into 
mechanical energy. This innovative configuration is found 
to be efficient in reducing the transmission coefficient when 
compared with traditional pontoon-type breakwaters. Zhang 
and Magee (2021) analyzed the effectiveness of floating 
breakwaters by combining two or more barges and com‐
pared them with traditional breakwaters. The shapes con‐
sidered for the comparative study were L-shape (two barges), 
U-shape (three barges), and barge frame (four barges). The 
transmission characteristics of the above considered shapes 
suggested that the L-shape floating breakwater is efficient 
without the presence of floating tanks and that the barge 
frame is the most efficient in the motion reduction of float‐
ing tanks. Nishad et al. (2021) performed a numerical 
study on wave scattering using an H-shaped porous barri‐
ers via a dual boundary element method (BEM) consider‐
ing the nonlinear pressure-drop boundary condition and 
analyzed the effect of porosity and geometry of the struc‐
ture on reducing wave force. Their findings revealed that 
the increase in the structure porosity results in a consistent 
increase in wave transmission but a reduction in wave 
reflection and force coefficients.

In recent years, plate-type floating breakwaters have 
been investigated for their convenient construction proce‐
dure, cost-effectiveness, and invulnerability to depth and 
geological conditions. Yip and Chwang (2000) designed a 
model comprising a perforated wall composed of an inter‐
nal plate to study the hydrodynamic performance using the 
eigenfunction expansion method and noted that the inter‐
nal plate helps reduce wave-induced force and moment on 
the front wall. Hu et al. (2002) conducted a similar kind of 
study to examine the characteristics of wave transforma‐
tion on a model that integrated a porous wall with a plate. 
The investigation revealed that the transmission coefficient 
of the model is influenced by the porous effect parameter. 
Liu et al. (2008) investigated a submerged breakwater 
with an upper horizontal porous plate and a lower horizon‐
tal solid plate to analyze the hydrodynamic performance 
using the matched eigenfunction expansion method. Their 
investigation suggested that using a perforated lower plate 
will further enhance the performance of the breakwater. 
Liu and Li (2013) performed semi-analytical modeling to 
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study wave interaction with a rubble mound breakwater 
combined with a plate on its top. The combined use of 
these two breakwaters yielded better performance than 
their individual use. Wang et al. (2019) investigated an 
upper arc-shaped plate using the BEM, considering wave 
radiation and diffraction theory. The effectiveness of the 
hydrodynamic performance of the model by minimizing 
the transmission coefficient to 15%, was determined by 
comparing it to that of a single horizontal plate, double 
horizontal plate, and a lower arc-shaped plate. Kumar et al. 
(2022) used a flexible porous plate combined with a sub‐
merged rectangular porous structure to analyse their reflec‐
tion and transmission characteristics of under oblique inci‐
dent waves. Particularly for impermeable plates, the pres‐
ence of the submerged porous structure reduces both the 
forces acting on the floating plate and the transmission of 
waves through it, resulting in a more significant reduction 
in plate deflection. Further, they noted that the existence of 
the plate is helpful in force mitigation of the rubble mound 
breakwater and in wave transmission.

Studies on stratified structures have been performed over 
the past 30 years to address the problems of cost-inefficiency 
and material scarcity associated with submerged and float‐
ing breakwaters. Yu and Chwang (1994) analysed the hori‐
zontal stratification of breakwaters considering nondissipa‐
tive, weak-dissipative, and strong-dissipative media. More‐
over, they studied interface wave interaction considering 
the resistive and inertial properties of these media; the 
results of their study suggested an optimum thicknes for 
the porous structure to effectively reduce transmission and 
reflection. Further, Twu et al. (2001) performed a numeri‐
cal investigation on a series of vertically stratified break‐
waters with multiple porosities in deep water, while Liu 
et al. (2007) studied modified perforated structures in which 
a double-layered porous box was connected with two walls 
on both sides. The hydrodynamic performances of these 
breakwaters were analysed, and it was found that the 
hydrodynamic performances of the perforated breakwaters 
with two- or single-layer surface-piercing rock fill were 
similar. Koley (2019) performed a hydrodynamic study 
under regular- and irregular-wave conditions for a trape‐
zoidal porous stratified structure in a surface-piercing con‐
dition and observed that a multilayer structure is most effec‐
tive for the protection of the lee side of the trapezoidal 
porous stratified structure and can serve as an effective 
wave barrier. Venkateswarlu and Karmakar (2020) studied 
multiple vertical and horizontal stratified structures and 
analysed the effect of porosity, friction factor, oblique inci‐
dent waves, and different structural parameters on reflected, 
transmitted, and dissipated wave energy coefficients and 
wave forces. Design and development of stratified porous 
wave absorbers for the protection of marine infrastructure 
is assisted by the harmonic oscillations and peaks and 
troughs in the trapping coefficients that are demonstrated 

by the change in trapping chamber length. The cavitation 
effect impacts the functionality and stability of any struc‐
ture owing to the negative pressure induced in the bubble, 
which is thoroughly discussed by Zhang et al. (2023) con‐
sidering rigid and free surface boundaries.

The present study considers a composite structure of an 
H-shaped pile-restrained floating breakwater integrated 
with a pair of horizontal plates both on the lee side and 
seaside using the multidomain BEM. Based on the studies 
performed by Liu and Li (2013), horizontal plates are 
believed to confront the primary impact of the incident wave 
force by reducing the wave force transmitted to the break‐
water. The H-shaped breakwater exhibits excellent wave 
energy reflection as a floating breakwater compared with 
conventional rectangular and trapezoidal breakwaters. An 
H-shaped breakwater is modeled in the present study to 
enhance the performance of breakwaters, considering their 
cost-effectiveness and easy installation. Findings from the 
literature suggest that the vertical member of an H-shaped 
structure, designated as the “web,” serves as a physical 
barrier and promotes capillary action across its entire sur‐
face area, thereby amplifying wave reflection. Conversely, 
the horizontal member, called the “flange,” creates an 
internal wave-trapping zone within the unit structure, sig‐
nificantly mitigating wave transmission. The porosity of 
the H-shaped structure promotes capillary action (Lever‐
ett, 1941), further enhancing the wave-trapping zone and 
thereby reducing the wave transmission and dissipation of 
high-energy waves. Additional safety and stability need to 
be provided to the composite structures to make the primary 
floating breakwater safe against wave force and resistant 
to the damage caused by incoming wave energy. Hence, 
the motivation of the present study is to establish the excel‐
lence of an H-shaped breakwater integrated with horizon‐
tal plates, evaluate its performance in minimizing the 
amount of wave energy that reaches the coastline, and 
understand the behavior of the breakwater according to the 
quantitative and qualitative changes in wave reflection and 
transmission. The present study involves measuring the 
wave dissipation parameters and wave force against nondi‐
mensional wave numbers, relative spacings, and incident 
wave angles affected by the presence of the plates. Fur‐
ther, the validation of the developed numerical model is 
performed using notable results from the literature.

2  Theoretical formulation

The hydrodynamic performance of the H-shaped break‐
water combined with two horizontal porous plates on both 
sides of the breakwater is performed using the multidomain 
BEM. An ideal geometry of the proposed model is presented 
in Figure 1 showing different structural and physical param‐
eters, boundaries for fluid, and structural elements. In addi‐
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tion, Figure 1 represents the arrangement of the porous 
structures (i. e., H-shaped breakwater and horizontal plates) 
of the proposed model with corresponding intra-structure 
spacing. The numerical formulation of the wave–structure 
interaction with the H-shaped breakwater integrated with 
horizontal plates is performed, and the detailed mathemati‐
cal procedure using the multidomain BEM (Patil and Kar‐
makar, 2021) is presented. The fluid flow is assumed to be 
inviscid, incompressible, and irrotational, and thus, the 
velocity potential (ϕ) for an obliquely incident wave is of 
the form, ϕ ( x,  y,  z,  t ) = Re{ϕ ( x,  y )ei (kz − ωt )}, where kz =

k sin θ, k is the wave number, θ is the angle of incident 
wave; ω is the angular wave frequency; i is the imaginary 
number. The velocity potential satisfies the Helmholtz 
equation in the fluid domain Ω, which can be expressed as 
follows:

(∇2 − k 2
z )ϕ ( x, y) = 0 for the fluid domain  Ω (1)

where ∇ is the Laplace operator.
Considering the fluid domain Ω, ΓSB represents the sea-

bed region, ΓSTR represents the structure-fluid interface, 
and ΓFS represents the free surface region. The fluid is 
assumed to flow from the negative x-axis to the positive 
x-axis. Hence, the input and output open boundary regions 
are denoted by ΓINPUT , ΓOUTPUT , respectively. More precisely, 
ΓINPUT indicates the incident region, and ΓOUTPUT indicates 
the transmitted region.

The free-surface ΓFS boundary condition based on Ber‐
noulli’s equation, where the wave amplitudes are assumed 
small, is given by

∂ϕ
∂y

− ω2

g
ϕ = 0 (2)

where g represents the acceleration due to gravity; given 
an impervious horizontal sea-bed ΓSB, which is assumed to 
be flat and impermeable, the sea-bed boundary condition 
is of the form

∂ϕ
∂y

= 0  at  y =  − h (3)

where h represents the water depth. The porous structure 
interacts with the fluid region surrounding each surface, 
forming a fluid-structure interface. Hence, to maintain the 
continuity of mass flow and pressure at the interfaces (Dal‐
rymple et al., 1991), the matching condition is given by

∂ϕf
STR∂n

= − ε ∂ϕs
STR∂n

  ,  ϕ  f
STR = (S + if )ϕs

STR (4)

where ϕ  f
STR is the velocity potential in the water region and 

ϕs
STR is the velocity potential in the structural region, and 

the relation among the boundaries at the interfaces can be 
established by material porosity ε, linearized friction factor 
f, and inertia coefficient S.

The structure is assumed to be situated between the two 
auxiliary boundaries ΓINPUT and ΓOUTPUT from the structure 
on each side. Therefore, the far-field radiation condition 
for input and output open boundary conditions is given by

lim
n → ∞

r ( ∂ϕ
∂r

− ikϕ) = 0 (5)

where r represents the distance between the point source 

and radial coordinates, and r = x2 + y2 . The velocity 

potential function at the input and output boundaries can 
be expressed as follows:

ϕINPUT = ϕI + ϕR ,  ϕOUTPUT = ϕT (6)

where ϕI is the velocity potential for the incident wave, ϕR 
is the velocity potential for the reflected wave, and ϕT is 
the velocity potential for the transmitted wave. According 
to the small-amplitude wave theory, the velocity potential 
functions can be expressed as follows:

ϕINPUT =
iag
ω

[ ]I0eikx + R0e− ikx f0( )y ,   x → ∞ (7a)

ϕOUTPUT =
iag
ω

[ ]T0eikx f0( )y ,   x →− ∞ (7b)

where a is the wave amplitude, I0 is the unknown poten‐
tials associated with incident potentials, and similarly R0 

Figure 1　Schematic diagram of an H-shaped breakwater integrated with a pair of floating plates
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and T0 are the unknown potentials associated with reflected 
and transmission potentials respectively, and the function 
f0( y) is given by

f0( y) =
cosh k (h + y )

cosh kh
(8)

The wave number k and the angular wave frequency ω 
satisfy the dispersion relation

ω2 = gk tanh kh (9)

The boundary conditions for the composite H-shaped 
breakwater integrated with floating plates for the analysis 
of wave interaction with floating breakwaters are dis‐
cussed in the next section.

3  Method of solution using multidomain BEM

The multidomain BEM approach is employed to anal‐
yse the wave interaction with an H-shaped breakwater inte‐
grated with floating plates. The fundamental solution of 
the governing equation satisfies the relation given by

∇2G − k 2
z G = δ (ξ − x, η − y) (10)

where δ is the dirac-delta function; kz is the vertical com‐
ponent of the wave number; ( x, y) are the coordinates of 

field points and (ξ, η) are the coordinates of source point 

respectively. G is free surface Green’s function, which can 
be represented as follows:

G ( x, y, ξ, η) =
− K0( )kz, r

2π
(11)

where r = ( )x − ξ 2
+ ( )y − η 2

is the distance between 

the field point F ( x, y )and the source point P (ξ, η ). The 
term K0 is the modified zeroth-order Bessel function of the 
second kind. The normal derivative of Green’s function is 
given as

∂G
∂n

=
kz

2π
K1(kzr ) ∂r

∂n
(12)

where n refers to the outward drawn normal; K1 is the 
modified first-order Bessel function of the second kind, 
and in the case of singularity r → 0, the asymptotic behav‐
ior of K0 is given by

K0(kzr ) =  − γ − ln ( kzr
2 ) (13)

where γ = 0.577 2 is the Euler’s constant. Furthermore, in 

the case of normal incident wave angle θ = 0, the modi‐
fied zeroth-order Bessel function of the second kind K0(kzr ) 
approaches to ‒ln (r). The generalized form of the bound‐
ary integral equation, considering free-space Green’s func‐
tion and applying Green’s second identity, is represented as

c ( P )ϕ + ∫
Γ

ϕ
∂G
∂n

d Γ = ∫
Γ

G
∂ϕ
∂n

d Γ (14)

where Γ denotes the boundary of the computational domain 
under consideration; c ( P ) is denoted by

c ( P ) =

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

1 ,  P ≡ ( )ξ, η ∈ Ω
1
2

 , P ≡ ( )ξ, η ∈ Γ is smooth

0 ,  P ≡  ( )ξ, η ∈ Ω, Γ

(15)

where P is the source point Thus, the final boundary inte‐
gral equation can be represented as

ϕ ( )P
2

+ ∫
Γ

∂G
∂n

ϕdΓ = ∫
Γ

∂ϕ
∂n

GdΓ (16)

The boundary is divided into N number of constant ele‐
ments, and the values of ϕ and G are considered as constant 
over each element and assumed to be equal at the mid-ele‐
ment node. Hence, Equation (16) is discretised into N con‐
stant boundary elements, and the discretised boundary inte‐
gral equation can be expressed as

ϕ ( )P
2

+ ∑
j = 1

N ( )∫
Γj

∂G
∂n

ϕjdΓ = ∑
j = 1

N ( )∫
Γj

∂ϕ
∂n

GjdΓ (17)

where Γj is the boundary of the jth element. Considering ∫
Γj

∂G
∂n

dΓ = Hij and ∫
Γj

GjdΓ = Qij, the expression for the 

boundary integral equation as in Equation (17) is given by

− ϕ ( )P
2

+ ∑
j = 1

N ( )Hijϕj = ∑
j = 1

N ( )Qij

∂ϕ
∂n

(18)

The boundaries for the fluid and structural regions and 
fluid-structure interfaces are briefly described in Figure 2.

The integrals in Hij and Gij represent the influence func‐
tions between the element i at which the fundamental solu‐
tion is applied and another element j under consideration 
(Patil and Karmakar, 2021). The corresponding dimen‐
sions and physical properties are substituted in the bound‐
ary conditions for the plates and breakwater regions while 
interacting with fluid, free surface, and seabed accordingly. 
On substituting the boundary conditions, the expanded dis‐
cretized equation can be written for the fluid region as
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1
2
ϕf

R + ∑
j = 1

N ( )Hijϕ
f
SB + ∑

j = 1

N ( )Hij − ikQij ϕ
f
OUTPUT +

∑
j = 1

N ( )Hij − ω2

g
Qij ϕ

f
FS1 + ∑

j = 1

N ( )Hijϕ
f
STRP1 −

∑
j = 1

N ( )Qij

∂ϕf
STRP1∂n

+ ∑
j = 1

N ( )Hij − ω2

g
Qij ϕ

f
FS2 +

∑
j = 1

N ( )Hijϕ
f
STR − ∑

j = 1

N ( )Qij

∂ϕf
STR∂n

+

∑
j = 1

N ( )Hij − ω2

g
Qij ϕ

f
FS3 + ∑

j = 1

N ( )Hijϕ
f
STRP2 −

∑
j = 1

N ( )Qij

∂ϕf
STRP2∂n

+ ∑
j = 1

N ( )Hij − ω2

g
Qij ϕ

f
FS4 +

∑
j = 1

N ( )Hij − ikQij ϕ
f
INPUT = 0

(19)

and considering the structural region (i.e., the plates and 
breakwater region), the discretized equations for the lee-
side plate, breakwater and sea-side plate are given by

− 1
2
ϕs + ∑

j = 1

N ( )Hijϕ
s
STRP1 − ∑

j = 1

N ( )Qij

∂ϕs
STRP1∂n

= 0 (20)

− 1
2
ϕs + ∑

j = 1

N ( )Hijϕ
s
STR − ∑

j = 1

N ( )Qij

∂ϕs
STR∂n

= 0 (21)

− 1
2
ϕs + ∑

j = 1

N ( )Hijϕ
s
STRP2 − ∑

j = 1

N ( )Qij

∂ϕs
STRP2∂n

= 0 (22)

where the superscript s is for the porous structure domain
The revised discretized equation on substituting the input 

and output velocity potentials as in Equation (7) can be 
expressed for the fluid region as

− 1
2
ϕf

R + ∑
j = 1

N ( )Hijϕ
f
SB + ∑

j = 1

N ( )Hij − ikQij ϕ
f
OUTPUT +

∑
j = 1

N ( )Hij − ω2

g
Qij ϕ

f
FS1 + ∑

j = 1

N ( )Hijϕ
f
STRP1 −

∑
j = 1

N ( )Qij

∂ϕf
STRP1∂n

+ ∑
j = 1

N ( )Hij − ω2

g
Qij ϕ

f
FS2 +

∑
j = 1

N ( )Hijϕ
f
STR − ∑

j = 1

N ( )Qij

∂ϕf
STR∂n

+

∑
j = 1

N ( )Hij − ω2

g
Qij ϕ

f
FS3 + ∑

j = 1

N ( )Hijϕ
f
STRP2 −

∑
j = 1

N ( )Qij

∂ϕf
STRP2∂n

+ ∑
j = 1

N ( )Hij − ω2

g
Qij ϕ

f
FS4 +

∑
j = 1

N ( )Hij − ikQij ϕ
f
R = − ∑

j = 1

N ( )Hij − ikQij ϕ
f
I

(23)

The indication of superscript f is for the fluid region.  

The interface boundaries for both fluid and structure regions 

have the same potential ϕm
STRj and flux ∂ϕm

STRj ∂n on the 

boundary. It is assumed that the structure-sea-bed interface 

and structure-free surface interface are rigid. Hence, the 

flux is given by

∂ϕm
STRj

∂n
= 0 (24)

To solve the system of linear equations, the matching 

boundary conditions are applied to get the unknown poten‐

tials ϕI, ϕR and ϕT. The system of equations is solved by 

the Gauss-elimination technique. Furthermore, the reflec‐

tion coefficient Kr, transmission coefficient K t, and dissipa‐

tion coefficient Kd are calculated as

Figure 2　Boundary elements for fluid and structure boundaries
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Kr =
|

|
|
||
| R0

I0

|

|
|
||
|
, K t =

|

|
|
||
| T0

I0

|

|
|
||
|
, Kd = 1 − K 2

r − K 2
t (25)

The horizontal and vertical wave forces acting on the 
structure are determined by the relation as defined by Koley 
(2019) and can be written as

F = Re
é

ë

ê
êê
ê
ê
ê
iρω ∫

ΓSTR j

é

ë

ê
êê
ê ù

û

ú
úú
únx

ny
ϕSTRdΓ

ù

û

ú
úú
ú
ú
ú

(26)

F can be expressed as F =
é

ë

ê
êê
ê ù

û

ú
úú
úFx

Fy
, where nx and ny are 

the unit normal vectors in the x- and y-direction on ΓSTR, 
respectively.

4  Numerical results and discussion

The hydrodynamic analysis is performed for wave inter‐
action with a composite pile-restrained H-shaped floating 
breakwater integrated with a pair of floating plates using 
the multidomain BEM. The numerical study is performed 
for the detailed analysis of the effect of the variation of 
various structural parameters (such as porosity, width, and 
submergence draft) on the wave-energy reflection, trans‐
mission, and dissipation coefficients, as well as wave force 
coefficients. The hydrodynamic coefficients are measured 
as functions of nondimensional wave number, relative 
spacing, and wave incident angle. The numerical modeling 
based on the multidomain BEM is implemented in MAT‐
LAB, and the numerical results from the simulations are 
validated with the existing literature. The study also cov‐
ers a short comparative study between the implementation 
of inward and outward inclined horizontal plates integrated 
with the breakwater.

4.1  Validation of the numerical model

The validation of the numerical code developed using 
the multidomain BEM in this study is performed with the 
numerical model proposed by Abul-Azm and Gesraha 
(2000) for a rigid floating pontoon (Figure 3(a)) and a hori‐
zontally stratified structure studied by Yu and Chwang 
(1994) (Figure 3(b)). The physical parameters used to vali‐
date the model of Abul-Azm and Gesraha (2000) are inci‐
dence angle θ = 0, relative water depth d/h = 0.25, and rel‐
ative width B/h = 2. where I is the incident wave ampli‐
tude, R is the reflected wave amplitude and T is the trans‐
mitted wave amplitude. A satisfactory agreement of the 
reflection and transmission coefficients versus nondimen‐
sional wave number kh is observed between the present 
multidomain BEM model and the result obtained by Abul-
Azm and Gesraha (2000) in Figure 3(a). The study con‐
cludes that the relative dimensions of the cross-sections of 

a pontoon have significant effects on wave reflection, 
whereas the impact of wave direction is minimal for high‐
er wave incident angles. Additionally, it has been noted 
that the inertial characteristics affect the dynamic proper‐
ties of the model. Due to the satisfactory agreement of 
the results obtained from the present multidomain BEM 
with the study performed by Abul-Azm and Gesraha (2000), 
the multidomain BEM study is carried out for the pile-
restrained H-shaped breakwater integrated with plates.

Furthermore, the wave interaction with horizontal strati‐
fied structure in Figure 3(b) is validated by Yu and Chwang 
(1994) using the present multidomain BEM approach, con‐
sidering ε1 = ε2 = 0.8, S1 = S2 = 0.2, and f1 = f2 = 2. The 
study noted that lowering the porosity results in higher 
reflection and lower transmission in a structure, which is 
efficient in energy dissipation. The study also suggests that 
wave dissipation occurs when it transmits into a medium 
that has a significant value of porosity and decreases when 
porosity decreases. The numerical result using the present 
multidomain BEM approach and the Eigenfunction expan‐
sion method (EFEM) for stratified structure modeled by 
Yu and Chwang (1994) are in good agreement, and the 
multidomain BEM approach is extended for the study.

Figure 3　 Comparative study of reflection coefficient Kr and 
transmission coefficient Kt for a rectangular floating pontoon using 
the multidomain BEM approach by Abul-Azm and Gesraha (2000) and 
a stratified submerged porous box of different porosity values using 
the multidomain BEM approach by Yu and Chwang (1994)
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4.2  H-shaped pile-restrained floating breakwater 
with horizontal plates

The H-shaped floating breakwater facilitates efficient 
dissipation of wave energy in various wave conditions and 
site requirements. In addition, the H-shaped floating break‐
water is advantageous for shore protection and is flexible 
to fabricate, construct, and transport in deep-water regions. 
The vertical and horizontal components of an H-shaped 
structure are efficient in dispersing the wave energy by 
reflecting the incoming waves, but a study on the perfor‐
mance of the structure is required. Hence, the integration 
of a plate in the lee side and seaside of the breakwater is a 
unique approach to increase the performance of the struc‐
ture against wave forces in unfavorable environmental con‐
ditions. This study explores the combined effect of the 
H-shaped breakwater and the plates on the incoming waves 
from various structural parameters and incident wave 
angles. Table 1 presents the structural and geometrical 
parameters considered for the present analysis of the com‐
posite breakwater.

The numerical investigation is performed to analyze the 
reflection, transmission, and dissipation coefficient for var‐
ious physical and structural parameters, such as porosity 
of plates εp, relative plate submergence depth dp /h (dp is 
the submergence draft of the plate measured from the free 
surface), relative submergence draft of the breakwater dw /h 
(dw is the submergence draft of web measured from free 
surface), relative breakwater widths bw /h and bf /h (bw and 
bf represent the width of the web and flange of a single 
monomer), and angles of inclination of the horizontal plates 
for outward direction apo and inward direction api to analyze 
the effectiveness toward the efficiency and performance of 
the best suitable structure. The relative width of the spac‐
ing between the plates and breakwater ws /h = 1 is assumed 
to be constant throughout the analysis. The values of the 
structural parameters kept constant throughout the analysis 

are presented in Table 1 unless otherwise mentioned.

4.2.1 Reflection, transmission, and dissipation coefficients
The performance of offshore structures can be analyzed 

by studying the wave transformation resulting from the 
wave–structure interactions. The stability and optimal pro‐
tection of the breakwater depend on the extent of reflected 
or transmitted wave energy. The study of the variations of 
the hydrodynamic coefficients presents the idea of the 
amount of wave energy reflected by the structure, transmit‐
ted through the porous region, and dissipated during the 
interaction. The effects of changing different structural and 
physical parameters can be analyzed for the suitable shape 
of the breakwater and the installation based on the site con‐
ditions from various aspects of wave behavior and environ‐
mental conditions. Various offshore structure designs and 
coastal management applications rely on structural perfor‐
mance evaluation and model validations, which can only 
be accomplished by the study of the hydrodynamic wave 
transformation and force coefficients. This study analyzes 
the possible structural parameters related to the present 
composite H-shaped breakwater integrated with plates on 
varying nondimensional parameters, such as wave number 
kh, relative spacing ws /λ (λ represents the wavelength), and 
incident wave angle θ.
4.2.1.1 Effect of plate porosity 

Figures 4(a) and (b) illustrate the variation of the reflec‐
tion coefficient Kr, transmission coefficient K t, and dissipa‐
tion coefficient Kd versus the nondimensional wave num‐
ber kh for different ranges of porosities within the range 
0 ≤ εp ≤ 0.3. The study revealed that the effect is insignifi‐
cant in shallow and intermediate-water-depth regions (kh ≤
2.0). Unlike other breakwater configurations, the H-shaped 
structure, with its efficient flange-based wave trapping, 
ensures minimal transmission regardless of porosity varia‐
tions, particularly in deep-water regions, in contrast to Kr 
and Kd.

Table 1　Structural parameters for different configurations

Structural configurations

Plates

Webs

Flange

Porosity

εp = 0.1

εw = 0.1

εf = 0.2

Friction factor

fp = 1

fw = 1.2

ff = 1

Inertia factor

Sp = 1

Sw = 1

Sf = 1

Relative width

bp /h = 1.0

bw/h = 0.3

bf /h = 1.6

Relative draft

db /h = 0.1

dw/h = 0.3

df /h = 0.1
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Considering the reflection property due to the compos‐
ite structure (Figure 4(a)), the lesser porous structure has 
higher reflection, and the rigid plate approaches 100% 
reflection in the deep-water region (kh ≥ 3.14). Likewise, 
the impermeability in the plate promotes lower energy dis‐
sipation (Figure 4(b)) when the wave interacts with the 
composite type of structure. Hence, the variation of plate 
porosity has a lesser effect on the wave propagation through 
the composite structure due to the less effective obstruc‐
tion as the thickness of the plate is assumed as dp /h = 0.1. 
The Kr (Figure 4(a)) and Kd (Figure 4(b)) have an insignifi‐
cant oscillatory pattern as the wave energy interacts with a 
set of structures with a significant structural spacing in 
between. The wave energy dissipated by the structure is 
lowest, regardless of the porosity variation of the plate in 
deep-water regions (kh ≥ 3.14). In deep-water regions, 
higher plate porosity in H-shaped breakwaters leads to 
more energy dissipation due to the combined effect of 
obstruction due to the presence of horizontal plates and 
wave trapping. Hence, the composition of horizontal plates 
with an H-shaped breakwater is advantageous in lowering 
wave transmission (Hu et al., 2002) and can be implemented 
in deep-water regions.

The performance of different plate porosity values is 
analyzed based on varying the relative spacing between 
the breakwater and plates in Figures 5(a) and 5(b). A sig‐

nificant oscillatory pattern is observed in the variation of 
Kr, K t, and Kd versus the nondimensional wave number kh, 
for different porosity values of plates varying within 0 ≤
εp ≤ 0.3, due to the presence of multiple structures in the 
wave interaction. The periodic variation in the reflection 
and transmission coefficients is caused by varying the 
porosity of the plates of the composite structure. Compar‐
ing the variation of K t (Figure 4(a)) with wave number, the 
variation of K t (Figure 5(a)) with relative spacing has mini‐
mal effect due to the variation of plate porosity. The peak 
in K t followed by a trough is attained by the variations of 
plate porosity for every ws /λ = 2.0. Due to the imperme‐
ability of the plate ( εp = 0 ), the composite structure pro‐
vides a better reflection coefficient and lower transmission 
coefficient compared with those of other porous structures, 
with the lowest energy dissipation observed between 1.0 ≤
ws /λ ≤ 3.0. The plate with εp = 0.3 dissipates the maxi‐
mum amount of wave energy up to 98% due to the wave 
trapping in porous structures, which is further enhanced by 
the variation of inter-spacing within the composite struc‐
ture. The optimum range of inter-structural spacing is 
denoted by ws /λ = 2.5 for the plate with higher porosity, 
which yields better wave reflection by dissipating lower 
energy. Hence, the inter-structural spacing can be consid‐
ered in field applications for the efficient performance of 
the composite breakwater.

Figure 5　 Variation of reflection, transmission, and dissipation 
coefficients versus ws /λ for different plate porosities εp

Figure 4　 Variation of reflection, transmission, and dissipation 
coefficient versus kh for different porosity of plates εp
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Figures 6(a) and 6(b) represent the wave transformation 
due to the composite H-shaped breakwater integrated with 
floating plates, in terms of reflection, transmission, and 
dissipation coefficients versus different wave incident an‐
gles within 0° ≤ θ ≤ 90°. The plate porosities are consid‐
ered within 0 ≤ εp ≤ 0.3 for nondimensional wave number 
kh = 2. The energy dissipation coefficient (Figure 6(b)) is 
noted to approach zero as the dissipated energy decreases 
with higher wave incident angles (θ ≥ 50°). A sudden mini‐
ma or maxima in the variations of Kr, Kt, and Kd is observed 
within 40° ≤ θ ≤ 60°. In the case of wave incidence angle 
θ = 90°, the reflection is noted maximum with almost 
100% of wave reflection. Waves with the incident angle 
θ < 40° is noted to have reflection coefficients within 
0.6 < Kr < 0.8 until it reaches the critical incident angle. 
In the study, the critical angle of incidence for the lowest 
reflection coefficient and highest transmission coefficient 
is found to be within 40° ≤ θ ≤ 60°, which also has signifi‐
cance in dissipating the highest energy. Except for the criti‐
cal incident angle range, the transmission coefficient is 
almost zero for any case of porosity variation (Figure 6(a)). 
The impermeability of the plates may be the reason to 
reflect more energy and dissipate less energy at lower wave 
incident angles. The deployment of horizontal porous plates 
within the critical angle range could potentially result in a 
less efficient breakwater due to enhanced wave energy 
transmission. Further analysis can be performed to deter‐
mine the ideal dimensions of the composite structure and 
inclination of plates for efficient performance under the 
critical wave incident angle.
4.2.1.2 Effect of submergence depth of plates 

The integration of plates with an H-shaped breakwater 
exhibits higher wave energy dissipation with the change in 
the porosity of the plate on varying hydrodynamic coeffi‐
cients. Thus, the idea of placing the plates in submerged 
condition is studied to analyze the performance of the com‐
posite breakwater. Figures 7(a) and 7(b) show the varia‐
tion of hydrodynamic coefficients Kr, K t and Kd versus non‐
dimensional wave number kh to study the effect of chang‐
ing the relative submergence depth of the plates from the 
free surface within 0 ≤ dsp ≤ 0.3 in different water depth 
regions. Initially, the numerical model is analyzed by plac‐
ing the plate on a free surface, and then, the submergence 
of the plates is increased and compared. Throughout the 
relative submergence depth comparison of plates, the sub‐
mergence draft of the webs is placed deeper, i. e., dw /h ≥
dsp /h. The plate positioned at the free surface exhibits 
higher values of Kr (Figure 7(a)) and lower values of Kd 
(Figure 7(b)) for all water depth regions compared to any 
case of submerged plates. The higher K t observed for sub‐
merged plates may be due to the placement of the plates 
below the free surface, allowing the wave energy to escape 
with a free passage instead of reflecting back. However, Kr 
shows an inverse relationship with dsp /h in the intermediate-

water-depth region 0.3 ≤ kh ≤ 1.5 (Figure 7(a)), and the 
noted difference is significant with the variation in dsp /h as 
the water depth increases.

Similar to the results in in Figure 7(b), the dissipated 
energy is higher for lower dsp /h considering the intermedi‐
ate-water-depth region. A sudden fall is observed in the 
intermediate-water-depth region due to the higher reflected 
wave energy variation resulting from the plate at the free 
surface, which obstructs the smooth passage of waves. The 
presence of plates at the free surface effectively blocks the 
smooth passage of waves, unlike other submergence depths 
where waves pass over the plates, resulting in lower trans‐
mission. Since energy dissipation is directly related to the 
reflection and transmission coefficients, the wave dissipa‐
tion experiences a sudden dip at this specific depth. Thus, 
the energy dissipation is raised for submerged plates as 
this restricts the reflection due to the water body around 
the plates with a low dsp /h. Considering the transmission 
properties through the composite body, in the shallow and 
intermediate-water-depth regions (kh ≤ 1.5), the H-shaped 
breakwater with plates at the free surface has a higher rate 
of K t than the submerged plates (dsp /h ≥ 0.1). However, as 
the water depth increases, the resulting submerged plates 
transmit higher values of wave energy. The maximum rate 
of transmission coefficient is almost 80% for the submerged 
plate with a relative depth of 0.2. Thus, the analysis sug‐

Figure 6　 Variation of reflection, transmission, and dissipation 
coefficients versus θ for different plate porosities εp
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gests that the floating plates are performing better than the 
submerged plates when integrated with a primary H-shaped 
breakwater.

Figures 8(a) and 8(b) show the variation of reflection, 
transmission, and dissipation coefficients versus relative 
spacing between the breakwater and plates ws /λ for differ‐
ent plate submergence depths dsp /h varying within 0 ≤
dsp ≤ 0.3. Similar to the results in Figures 7(a) and 7(b), the 
plates at the free surface are effective for better wave energy 
reflection. Hence, the difference in the oscillatory patterns 
is observed for dsp /h = 0 and dsp /h > 0 results in the com‐
posite structure embedded with inter-structural spacing. The 
peak and trough attained by Kr and K t (Figure 8(a)) for 
dsp /h = 0 has a leftward shift. A similar pattern in phase 
shift is found in Figure 8(b), but the composite structure 
dsp /h = 0 is observed to have the lowest rate of energy dis‐
sipation. The dissipated energy has declined up to 10%, 
which is the lowest value of dissipation observed for lesser 
spacing. The dissipation coefficients experience sudden 
negative spikes for lower submergence depths. Thus, the 
noticeable performance of the breakwater integrated with 
plates in submerged states to dissipate the maximum 
amount of energy with the least transmitted wave energy 
for certain ws /λ is noted, irrespective of relative submer‐
gence. The deployment of the plates under the free surface 
dsp /h > 0 surpasses higher wave energy over the plates, 

causing a higher rate of wave transmission and significantly 
lower wave reflection, which leads the dissipated energy 
to decrease abruptly. The analysis of integrating plates in 
submerged conditions can offer some substantial solutions 
for employing the model in field conditions.

4.2.1.3 Effect of the width of plates 
The effect of varying relative plate widths on the hydro‐

dynamic performance is studied in Figure 9 versus nondi‐
mensional wave number kh within 0.5 ≤ bp /h ≤ 2.0. In 
shallow water regions kh ≤ 0.3, the effect of plate width 
variation is observed to be insignificant, which may be due 
to the confined nature of wave propagation in lower water 
depth; hence, increasing the plate width has minimal 
impact on its performance. The presence of multiple struc‐
tures causes the oscillatory pattern in the hydrodynamic 
coefficients in the intermediate-water-depth region and 
deep-water region. The reduced width of plates in the inter‐
mediate region kh ≤ 2.0 restricts wave passage, leading to 
higher reflection and lower transmission, primarily driven 
by the resistance exerted by the seabed. In contrast, deep-
water regions exhibit a reverse trend. The wider spacing 
between the structure and the seabed obstructs wave propa‐
gation, leading to increased reflection. This effect is fur‐
ther amplified for plates with larger relative widths due to 
enhanced wave trapping within the deeper water region 

Figure 7　 Variation of reflection, transmission, and dissipation 
coefficients versus kh for different submergence depths of plates 
dsp /h with dw/h = 0.6 and df /h = 0.2

Figure 8　 Variation of reflection, transmission, and dissipation 
coefficients versus ws /λ for different submergence depths of plates 
dsp /h

786



A. Panda et al.: Hydrodynamic Performance of H-shaped Pile-restrained Floating Breakwater Integrated with Horizontal Plates

kh ≥ 2.0. In Figure 9(a), the reflected wave is more than 
80% by the plate with relative width bp /h = 2.0 and the 
least energy transmitted compared to other cases, resulting 
in the least energy dissipation (Figure 9(a)) in the deep-water 
region. However, the wave trapping in the intermediate-
water-depth region 1.5 ≤ kh ≤ 2.0 causes a sudden drop in 
dissipated energy. The study shows that the composite 
structure is suitable in deep-water regions with higher 
reflected wave energy, which can be achieved with a higher 
relative plate width.

Similarly, the variation of Kr, K t and Kd versus the rela‐
tive spacing between the breakwater and plates ws /λ, for 
different plate widths bp /h varying within 0.5 ≤ bp /h ≤ 2.0, 
are depicted in Figure 10. The analysis is performed con‐
sidering the intermediate-water-depth region at kh = 2.0. 
The wave energy coefficients after interaction with the 
composite breakwater follow an oscillatory pattern at spac‐
ing ws /λ = 2.5 with a pair of peaks and troughs that can be 
observed for each case. The relative spacing between the 
structures stimulates the harmonic oscillations at a certain 
value by causing the phase shift of the maximum and mini‐
mum values. As explained in the previous case in Figure 9, 
the plate with higher relative width performs efficiently 
due to the availability of more surface area to attenuate a 
significant amount of wave energy. The critical relative 

spacing at ws /λ = 0.5 and further spacings at each incre‐
ment of ws /λ = 2.5, the performance is inefficient due to 
the least reflection and highest transmission. Thus, particu‐
lar spacings yield the least energy dissipation, irrespective 
of plate width, as observed in Figure 10(a). Hence, the spac‐
ings can be avoided during the casting of the structures in 
practical field applications for better performance.

4.2.1.4 Effect of submergence draft of the web of H-type 
breakwater 

Figure 11 illustrates the change in the effect of relative 
web draft dw /h within 0.3 ≤ dw /h ≤ 0.6 on hydrodynamic 
coefficients (Kr , Kt , and Kd) for different water depths ver‐
sus nondimensional wave number kh. The flange draft df /h 
is considered to vary with the web draft as the initial assump‐
tion adopted as df = dw /3. In Figure 11(a), the reflection 
coefficient Kr varies directly with the web draft, as the 
increasing draft promotes reflecting waves by creating a ver‐
tical barrier. The increasing draft allows lesser wave energy 
to transmit throughout the interaction of waves in shallow 
and intermediate-water-depth regions (kh ≤ 2.0). Further‐
more, as the water depth increases, the effect of changing 
dw /h becomes negligible for Kr and K t (Figure 11(a)) and 
Kd (Figure 11(b)). Thus, in deeper water regions kh ≥ 3.0, 
irrespective of dw /h value, the structure experiences the 
highest reflection as well as zero transmission. The web 

Figure 10　Variation of reflection, transmission, and dissipation 
coefficients versus ws /λ for different relative widths of plates bp /h

Figure 9　 Variation of reflection, transmission, and dissipation 
coefficients versus kh for different relative widths of plates bp /h
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with the highest draft dw /h performs as a deep barrier to 
encourage the reflection of bulk amount of wave energy in 
the intermediate-water-depth region (kh = 1.5). Therefore, 
the dissipated energy by the web with the highest draft is 
lesser compared with other cases. The oscillation in the 
hydrodynamic coefficient patterns is due to the presence 
of multiple structures and spacing between the structures. 
The web of an H-shaped structure promotes negative capil‐
lary action due to the presence of porous material around 
the surface interacting with the fluid region; hence, increas‐
ing the web depth results in more surface area and higher 
capillary action.

The analysis for the wave transformation due to the 
change in the relative draft of the web dw /h for varying rel‐
ative spacing ws /λ is performed and presented as the varia‐
tion of Kr, K t and Kd in Figure 12. The horizontal plates, 
when integrated with an H-shaped breakwater, have higher 
wave reflection and are cost-effective; hence, the study is 
performed for different spacing between the breakwater 
and plates. The spacing generates harmonic oscillations with 
peaks and troughs at certain values. However, the attained 
peak in Kr (Figure 12(a)) is higher for a higher web draft, 
and the trend is the opposite in K t for a higher web draft. 
The peak in K t is smooth, as the plate is less effective in 
restraining the transmitted wave. Hence, the peak is spiked 

and attains a maxima value up to 100% for the case of 
dw /h = 0.6. In intermediate-water-depth regions, the high‐
er reflection for higher web depths at certain spacings may 
be due to the capillary effect caused by the porous parame‐
ters. The peak followed by a trough attained by the varia‐
tions is observed at ws /λ = 2.5 in all three variations. 
Thus, the horizontal plate is advisable to deploy at ws /λ =
0.5 and further spacings at each increment of ws /λ = 2.5 
with a higher dw /h for better performance.

4.2.1.5 Effect of web width of H-type breakwater 
In the previous section, the significance of the change in 

the submergence draft of the webs and the effect on hydro‐
dynamic coefficients are discussed thoroughly. The thick‐
ness of the web or any other structure has a fundamental 
role in web attenuation as it provides robustness to the struc‐
ture. Figure 13 shows the variation of the hydrodynamic 
coefficients ( Kr, K t and Kd ) versus nondimensional wave 
number kh for different widths of the web of an H-shaped 
breakwater within 0.1 ≤ bw /h ≤ 0.4. A decreasing pattern 
in the reflection coefficient is noticed in the shallow water 
region (kh ≤ 0.3), whereas an increasing pattern in K t 
(Figure 13(a)) and Kd (Figure 13(b)) is observed for differ‐
ent widths of the web. The intermediate water region affects 
the reflection as it attains minima up to 20%. The minimal 
surface area of the slenderest web surpasses the minimum 

Figure 12　Variation of reflection, transmission, and dissipation 
coefficients versus ws /λ for different web depths dw/h

Figure 11　Variation of reflection, transmission, and dissipation 
coefficients versus kh for different relative drafts of the web dw/h
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transmitted wave in shallow and deep-water regions; 
hence, the web with bw /h = 0.1 transmits minimum wave 
energy of up to 30%. The widest web offers a larger vol‐
ume of porous region to transmit wave energy, which 
causes lesser reflected waves, hence lowering the effi‐
ciency of the breakwater. In the deep-water region, the 
change in the parameter is negligible on the hydrodynamic 
coefficients, whereas K t vanishes in the deep-water region. 
The overall effect of change in the widths of the web bw /h 
is less effective in terms of reflection and dissipation coef‐
ficients. Therefore, choosing a narrower web can be an 
effective way to reduce transmission coefficients while 
reflecting a maximum amount of wave energy in a cost-
effective manner.

Figure 14 presents the significance of altering the web 
width bw /h on varying the relative inter-spacing ws /λ 
between the structures. The effects on hydrodynamic coef‐
ficients due to change in bw /h are depicted in terms of 
reflection, transmission, and dissipation coefficients ver‐
sus ws /λ. The harmonic oscillatory pattern is observed in 
the variations with significant peaks and troughs due to the 
inter-spacing arrangements between the breakwater and 
the plates. A pair of peaks and troughs is attained in every 
change in ws /λ = 2.5. Altering the values of bw /h has no 
significant effect on Kr (Figure 14(a)) and Kd (Figure 14(b)). 
However, the attained peaks show variations in Kr and Kd, 

which is lower for lower bw /h. Hence, the transmission 
coefficient K t is observed to be lower for higher values of 
bw /h. For certain values of spacing between the structure 
and plates, the transmission is at least up to 4%, as shown 
in Figure 14(a). The composite structure performs effi‐
ciently when the plate is deployed at ws /λ = 0.5 and fur‐
ther spacings at each increment of ws /λ = 2.5 with a higher 
bw /h, which may be caused by the wider webs due to the 
enhanced porous volume, leading to higher wave transmis‐
sion. The optimum spacing for a good performance of the 
structure is within 0.75 ≤ ws /λ ≤ 1.25, and the optimum 
value of relative web width is noted to be 0.4.

4.2.1.6 Effect of flange width of H-type breakwater 
The H-shaped structure is composed of a flange, which 

helps in trapping waves, and two webs, which cause high 
wave reflection. Thus, the analysis is performed by chang‐
ing the flange width, which is significant for different 
water depths and relative spacings. Figure 15 depicts the 
variations of Kr, K t and Kd versus nondimensional wave 
number kh for different flange widths within 0.8 ≤ bf /h ≤ 2.0.

Considering the intermediate region, the amount of 
wave energy transmitted is higher than the amount of 
wave energy reflected, regardless of the flange width bf /h. 
Because the relative flange width is higher, wave trapping 
is more concentrated in the structural region, resulting in 
higher reflection and lower transmission (Figure 15(a)) 

Figure 14　Variation of reflection, transmission, and dissipation 
coefficients versus ws /λ for different web widths bw/h

Figure 13　Variation of reflection, transmission, and dissipation 
coefficients versus kh for different web widths bw/h
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of wave energy. However, the wave trapping is noticed in 
the intermediate-water-depth region 0.3 ≤ kh ≤ 2.0. The 
effect of changing the flange width is negligible in shallow 
and deep-water regions. The rate of energy dissipation 
(Figure 15(b)) is higher for the structure when changing 
bf /h, irrespective of water depth. The study shows that the 
composite structure is suitable in deep-water regions with 
approximately 90% reflected wave energy, which can be 
achieved with the lowest relative flange width.

The effect of flange width is studied in Figure 16 versus 
relative spacing between the H-shaped breakwater and 
structure ws /λ for different flange widths varying within 
0.8 ≤ bf /h ≤ 2.0. The pair of a crest and a trough is attained 
due to the spacings between the structures at every ws /λ =
2.5. The patterns of Kr, K t and Kd for different bf /h is trivial. 
However, based on the analysis performed on varying 
water depths, the flange with the lowest relative width 
exhibits effective performance. The composite breakwater 
with bf /h = 0.8 achieved the maximum peak value for Kr 
and the least value for K t and Kd for 0.5 < ws /λ < 1.0 and 
3.0 < ws /λ < 3.5. Upon changing the flange width in the 
intermediate-water-depth region (kh = 2.0), the variation 
in K t is less noticed, as observed in Figure 16(a). The com‐
posite structure is competent in dissipating a fair amount 
of wave energy and can be considered for practical use, as 
the intermediate-water-depth region is good for energy 

reflection and transmission, and the deep-water region is 
good for energy dissipation.

4.2.2 Wave force coefficients
The integrated horizontal plates with a pile-restrained 

H-shaped breakwater experience the incoming wave forces 
on the plates as well as the breakwater. In this section, the 
wave force coefficients are analyzed and compared for dif‐
ferent plate porosities εp and different wave incident angles 
θ. The horizontal wave force coefficient on the seaside (i.e., 
facing toward the incident region) of the plate and break‐
water is denoted by Kfp and KfB (Figure 17), respectively.

4.2.2.1 Effect of plate porosity 
Figure 18 represents the variations of horizontal wave 

force coefficient on the seaside plate Kfp and the horizontal 
wave force coefficient on the seaside breakwater KfB ver‐
sus nondimensional wave numbers for different plate 

Figure 16　Variation of reflection, transmission, and dissipation 
coefficient versus ws /λ for different web widths bf /h

Figure 15　Variation of reflection, transmission, and dissipation 
coefficients versus kh for different flange widths bf /h

Figure 17　Wave-induced horizontal force Fp and FB on the front 
side of the plate and breakwater
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porosities εp. In Figure 18(a), the variation of the horizon‐
tally projected wave force coefficient Kfp on the incidence 
face of the plate versus nondimensional wave number kh 
is analyzed for different porosity values within 0 ≤ εp ≤
0.3. Considering the impending force on the plate in the 
shallow water regions, the effect of changing εp is negli‐
gible, and a visible effect can be observed in the intermedi‐
ate and deep-water regions (kh ≥ 2.0). In the intermedi‐
ate water region, the impermeability of the plate with 
εp = 0 causes the highest value of Kfp on the sea side of the 
plate. The intensity of wave force on the plate decreases 
with increasing porosity, as it allows the water to pass 
through the structural voids. A sudden fall in Kfp is observed 
within 1.5 ≤ kh ≤ 2.0 due to the spacing between the mul‐
tiple structures. Figure 18(b) presents the variation of wave 
force on the breakwater KfB for various εp. The perfor‐
mance of the structure under the action of wave force is ana‐
lyzed versus nondimensional wave numbers to study the 
optimality of the structure in various water depth regions. 
The front side of the breakwater experiences a sudden 
increase in the wave force in the intermediate-water-depth 
region 1.5 < kh < 2.0. Comparing the wave force on the 
plate (Figure 18(a)) and the wave force on the breakwater 
(Figure 18(b)), the breakwater experiences lesser force 
than the plate, as the majority of the wave force intensity 
is reduced by the presence of the plate placed at the front 
of the breakwater in the shallow water depth region. The 
composite structure experiences the highest force for the 
rigid plate in the intermediate region, as the combined 
effect of plate porosity and inter-structural spacing helps in 
energy dissipation. A reduction in wave force KfB is observed 
in the deep-water region kh ≥ 3.0 as the intensity of the 
wave force is reduced by the presence of the horizontal 
plate. In addition, the effect of changing the plate porosity 
is less significant for the wave force coefficient in shallow 
and intermediate-water-depth regions. The breakwater is 
observed to have a higher impact of wave force com‐
pared to the plate in the intermediate-water-depth region at 
kh = 1.8. Thus, the study demonstrates that the composite 
porous structures in deeper water experience higher wave 
forces compared to shallower water. This phenomenon 
may be due to the interaction between the plates and the 
waves, which disturbs the flow and consequently leads to 
higher energy dissipation.
4.2.2.2 Effect of angle of incidence 

The effect of wave force on the plate and the breakwa‐
ter is analyzed for different wave incidence angles within 
0° ≤ θ ≤ 60° versus nondimensional wave number kh in 
Figure 19. The variation in the wave force on the plates 
and the breakwater is noticeable for any water depth. In 
Figure 19(a), Kfp2 is highest for θ = 30° and lowest for θ =
60° angles of incidence. In the intermediate water region, 
a resonating phase is obtained when the wave propagates 
with θ = 45° toward the structure. In the deep-water region, 

for kh ≥ 3.0, Kfp is highest for the normal incident wave, 
and it reduces as the incident angle increases. The inten‐
sity of the wave force is lowest for θ = 60° angles of inci‐
dence as the impact of wave force reduces due to the wave 
reflection. In the intermediate-water-depth region, Kfp 
attains minima except for θ = 60° as the wave progresses. 
The observation is approximately similar in Figure 19(b) 
in shallow water depth for KfB, and resonance occurs for 
KfB in the case of θ = 45° is very high compared to Kfp. 
The variation of wave force in the case of θ = 45° on the 
breakwater is significant, as the wave escapes from the 
plate during inclined incidence, resulting in a greater impact 
on the breakwater. In the deeper water depth, the breakwa‐
ter encounters higher force than the plate for higher angles 
of incident wave.

4.3  H-type pile-restrained breakwater with 
inclined plates

Studies on the performance of an H-shaped breakwater 
integrated with a pair of inclined plates are conducted to 
understand the effect of the inclination of the plate on the 
performance of the breakwater. The study is extended to 
analyze the hydrodynamic coefficients and the wave forces 
on the structure due to the presence of inclined plates with 
the inclination angles varying within 0° ≤ αpi,  αpo ≤ 25°, 
where αpi denotes the inward inclination angle of plates 

Figure 18　Variation of wave force coefficients on the front side 
of plate and breakwater versus kh for different plate porosities εp
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and αpo denotes the outward inclination angle with respect 
to the vertical. The schematic representation of the inclined 
plates and their placement with the breakwater is presented 
in Figure 20.

4.3.1 Reflection, transmission, and dissipation coefficients
The hydrodynamic performance of the composite break‐

water with a pair of inclined plates in the form of reflec‐
tion coefficient Kr, transmission coefficient K t, and dissipa‐
tion coefficient Kd versus nondimensional wave number 
kh and relative spacing ws /λ is analyzed.
4.3.1.1 Inward inclination of plates 

Figure 21 presents the variation of Kr,  Kt  and  Kd versus 
nondimensional wave number kh for different inward incli‐
nations of the plate from the free surface. The harmonic 
oscillation is observed due to the spacing between multiple 
structures, and a very high value of Kr (Figure 21(a)) is 
attained, which is directly proportional to the inclination angle 
in the shallow and deep-water region but varies inversely 
in the intermediate-water-depth region (Figure 21(a)). The 
exception can be observed for the case αpi = 0° in both 
intermediate and deep-water regions as it interacts with 
the free surface. However, in other cases of plate inclina‐
tion, the plate is partially submerged in water. Hence, due 
to higher inclination, the wave energy reflection rate is 
higher in the shallow water region αpi = 25°, exceeding 
90% for Kr.

The increasing inclination affects the reflection coeffi‐
cient by creating a larger surface area of the reflecting bar‐
rier in shallow water regions; however, higher water depth 
causes wave trapping and makes the inclination less effec‐

Figure 20　Composite H-type breakwater and a pair of inward- 
and outward-inclined plates

Figure 21　Variation of reflection, transmission, and dissipation 
coefficients versus kh for different angles of inclination αpi

Figure 19　Variation of wave force coefficients on the front side 
of plate and breakwater versus kh for different angles of wave 
incidence θ
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tive. A peculiar behavior can be observed in the oscillatory 
patterns of Kr (Figure 21(a)), which shows that the number 
of oscillations decreases with increasing angle of inclina‐
tion with lower amplitude values. The rate of transmission 
coefficient is nearly unaffected by the variation of αpi in 
shallow water depth. Likewise, the values for Kr and K t 
variation for αpi = 0° are different due to the exposure of 
the plate toward the free surface. Hence, by increasing the 
inclination angle, the capacity to obstruct the wave energy 
flow is increased, resulting in a lower transmission coeffi‐
cient, as observed in Figure 21(a). The dissipation coeffi‐
cient Kd (Figure 21(b)) versus kh shows that the plate at 
the free surface collectively dissipates higher energy, con‐
sidering any water depth except the deep-water region 
(kh ≥ 3.0).

A similar study is performed in Figure 22 to analyze the 
hydrodynamic coefficient versus relative spacing between 
breakwater and plates ws /λ for different inclination angles 
of plates αpi. The harmonic oscillations are observed due 
to multiple placed structures. In Figure 22(a), the trough 
attained by Kr is a minimum of up to 5% for certain values 
of spacing; hence, the values for ws /λ can be ignored to get 
an optimum wave reflection. The attained minima for Kr 
and maxima for K t are noted at every ws /λ = 2.5 approxi‐
mately. Hence, these values of spacing are not recommended 
to be implemented for optimum performance. The plate 
with an inclination angle (αpi = 25°) can be applied to get 
better reflection regardless of spacing and lesser transmis‐
sion than any other values of αpi. The dissipated energy after 
the wave interaction with the composite model is relatively 
higher than in other cases. The hydrodynamic coefficients 
for the plate with αpi = 0° are different from those for the 
inclined plates, as observed in Figure 22. The inclined 
plate achieves nearly 90% or more dissipation of energy 
except for the inclinations at αpi = 25°. The study reveals 
that increasing the inclination angle in shallow water depths 
correlates with an increased reflection coefficient due to 
the increase in the reflecting barrier surface area. However, 
the trend loses its efficacy in deeper water regions, where 
wave trapping mitigates the influence of inclination.
4.3.1.2 Outward inclination of plates 

This section studies the effect of outward inclination 
angles αpo on the hydrodynamic coefficient versus nondi‐
mensional wave number kh. The effect of changing αpo is 
not significant in shallow water depth (kh ≤ 0.3), as shown 
in Figure 23. The transmission coefficient in deep-water 
regions (kh ≥ 3.0) is also unaffected by changing the plate 
inclination; however, the variation of Kr is opposite as com‐
pared to Kd in deep-water regions.

A significant harmonic oscillatory pattern is observed 
when the waves interact in shallow and intermediate water 
regions. In the deep-water region, the oscillatory pattern 
trend gradually increases toward maxima for Kr and 
decreases for Kd. However, the difference is less signifi‐

Figure 22　Variation of reflection, transmission, and dissipation 
coefficients versus ws /λ for different angles of inclination αpi

Figure 23　Variation of reflection, transmission, and dissipation 
coefficients versus kh for different angles of inclination αpo
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cant; the plate with αpo = 5° is found to be a better arrange‐
ment for outward inclined plate integrated with a breakwa‐
ter due to higher Kr and lesser K t. The physical signifi‐
cance of the optimal angle for αpo = 5° may be due to the 
wave trapping caused by higher inclined plates, allowing 
an effective path to transmit the wave energy through the 
structure.

Figure 24 presents the study of the optimality of the 
plate inclination considering relative spacing for Kr, K t 
and Kd versus ws /λ, considering the outward inclination 
angle within 0° ≤ αpo ≤ 25°. The hydrodynamic coefficients 
are noted to behave exceptionally for the horizontally 
placed plate (αpo = 0°) due to the effect of the free sur‐
face. The outward-inclined plates reflect almost 20% less 
amount of wave energy when compared to a horizontally 
placed plate and dissipate almost 10% higher amount of 
wave energy than the plate for αpo = 0°. The difference 
observed in the variation of transmission characteristics is 
insignificant for any inclination angle, including the hori‐
zontal plate. The energy dissipation is noted to be very 
high, up to 95% – 100% for any inclination angle of the 
plate (αpo ≥ 0°). Hence, the outward inclination of the 
plate is less effective for reflecting a fair amount of wave 
energy, since a maximum of 40% energy can be reflected, 
and the minimum goes up to zero for certain values of 
spacing. Considering the variations in K t and Kd, the out‐
ward inclined plate can be considered for effective trans‐
mission and dissipation for the proposed composite struc‐
ture. Selecting the optimal plate arrangement (i.e., horizon‐
tal versus outward inclined) in intermediate water depths 
requires meticulous consideration of the dominance of sea‐
bed resistance over wave trapping. The findings from the 
analysis will help to choose the optimal configuration for 
desired wave reflection and energy dissipation.

4.3.2 Wave force coefficients
The variation of wave-induced force coefficients on the 

inclined (inward and outward) plates integrated with the 
H-type breakwater is presented in the following sections. 
The wave force effect is analyzed for different inclination 
angles of waves varying within 0° ≤ θ ≤ 25°, versus non‐
dimensional wave number kh. The wave force coefficient 
is measured on the sea side of the plate placed toward the 
incident region, which is denoted by Kfp, and on the front 
side of the breakwater facing toward the incident region, 
which is denoted by KfB.

Figure 25 shows the distribution of the wave force coef‐
ficients measured on the front side of the plate Kfp and 
breakwater KfB versus nondimensional wave number kh, 
considering the case of the inward-inclined plate for incli‐
nation angles varying within 0° ≤ αpi ≤ 25°. The variation 
of Kfp for a horizontal plate (αpi = 0°) is slightly different 
than that for inclined plates. In the shallow water depth, the 
effect of changing αpi is negligible in both Kfp (Figure 25(a)) 
and KfB (Figure 25(b)). The impact of wave force on the 

plate gradually increases with increasing water depth, as 
shown in Figure 25(a). A sudden fall in Kfp is evident and 
is higher for lower inclination angles. The sudden fall in 
Kfp toward minima for αpi = 5° is from 0.97 to 0.27, and 
for αpi = 25°, the sudden fall is from 1.37 to 1.32. Hence, 
the plate with a higher inclination is effective in reflecting 
a fair amount of wave energy, but it also experiences a 
higher wave force due to exposure of more surface area to‐
ward the wave action. Considering the variation in KfB in 
Figure 25(b), the wave force impact is lower for higher 
plate inclination. Because the majority of wave force is 
encountered by the plate, the effect of wave force is reduced 
for the breakwater, and the value of KfB is lesser than Kfp. 
Hence, the attained peak in KfB in Figure 25(b) is the high‐
est for αpi = 5° and lowest for αpi = 25°, which is the exact 
opposite trend as compared with Kfp (Figure 25(a)) due to 
the exposure of more surface area toward wave action. 
Higher inclination angles may cause the primary reduction 
in wave force on the breakwater, additionally leading to 
other consequences like increased reflection or energy 
trapping. Considering the fact of reducing the impact of 
wave force on the breakwater, the plate with a higher incli‐
nation angle is preferable.

The variation of Kfp and KfB is presented versus nondimen‐
sional wave number kh in Figure 26 for outward-inclined 
plates within 0° ≤ αpo ≤ 25°. The variation of Kfp for a hor‐

Figure 24　Variation of reflection, transmission, and dissipation 
coefficients versus ws /λ for different angles of inclination αpo
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izontal plate (αpo = 0°) is different than in other cases of 
outward-inclined plates. The effect of changing αpo is neg‐
ligible in both Kfp (Figure 26(a)) and KfB (Figure 26(b)) in 
the shallow water depth. The variation is oscillatory for 
Kfp, and the plate with a lower inclination experiences 
higher wave force in the intermediate-water-depth region, 
as shown in Figure 26(a). However, an opposite trend is 
observed in the deep-water region and the impeded wave 
force is noted higher for the inclined plate. The variation 
of KfB versus kh demonstrated in Figure 26(b) exhibits an 
opposite trend when compared to that in Figure 26(a). The 
induced wave force coefficient on the breakwater is more 
intense for the inclined plate in the intermediate-water-
depth region, whereas in the deep-water region, the wave 
force trend is reversed. The wave force coefficient is reduced 
on the breakwater for both intermediate and deep-water 
regions if a major amount of wave energy is dissipated by 
the plate inclination.

5  Conclusions

A hydrodynamic analysis is performed for an H-shaped 
pile-restrained composite breakwater integrated with a pair 
of horizontal plates placed on both sides of the breakwater. 
The structural analysis involves the variation of porosity εp 
and submergence depth dsp of the plates, width bw and 
submergence draft dw of the web, flange width bf of the 
H-shaped breakwater along with the inward and outward 
inclination of the plates αpi, αpo and their effect on various 
hydrodynamic parameters and horizontal wave force using 
a multidomain BEM. The numerical results are presented 
as functions of nondimensional wave numbers, relative 
inter-structural spacing between breakwater and plate, and 
incident wave angles. Upon analyzing the composite break‐
water, the multidomain BEM is derived, and boundary con‐
ditions for the rigid horizontal seabed, free water surface 
condition, and incident and transmission region condition are 
applied. To solve the fluid-structure and structure-structure 
interface problems, the edge conditions are implemented. 
The proposed model is validated with the numerical results 
obtained by the existing literature. The concluding remarks 
drawn from this study are briefly discussed as follows:

1) The integration of a rigid horizontal plate with an 
H-shaped breakwater is noted to be an effective solution in 
deep-water regions with relative spacing varying within 
1 ≤ ws /λ ≤ 2.5 for maximizing reflection. The change in 
porosity is observed to be less significant in shallow and 
intermediate-water-depth regions.

2) The critical wave incident angle to achieve maximum 
reflection and highest dissipation is noted within 40° < θ <
60° accompanied by the impermeable plate of width bp /h =
1.0 and spacing ws /h = 1.0.

3) The plate with relative width bp /h = 2.0 can reflect 
90% of wave energy and transmit 10% of wave energy in 

Figure 25　Variation of wave force coefficients on the front side 
of the plate and breakwater versus kh for different αpi for inward-
inclined plates

Figure 26　Variation of wave force coefficient for the front side 
of the plate and breakwater versus kh for different αpo for outward-
inclined plates
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the intermediate-water-depth region.
4) The critical relative spacing at ws /λ = 1.0 and further 

spacings at each increment of ws /λ = 2.5, are favorable for 
obtaining the highest reflection by the composite structure.

5) The placement of the plates with any submergence 
depth is observed to be less effective compared to the plate 
interacting with the wave on the free surface.

6) The plate is advisable to be deployed at ws /λ = 0.5 
and further spacings at each increment of ws /λ = 2.5 with 
dw /h = 0.6 for optimal performance.

7) The optimum spacing for a good performance of the 
structure is between 0.75 ≤ ws /λ ≤ 1.25, and the optimum 
value of relative web width is noted to be 0.4.

8) The breakwater performs efficiently for the deepest web 
with relative depth dw /h = 0.6 and the narrowest web with 
relative width bw /h = 0.6 in the intermediate water region.

9) A significant wave force impact encountered by the 
impermeable plates in the deep-water region contrasts with 
the reduced efficacy of a plate in the intermediate water 
region when analysing the effects of wave force.

10) The composite structure is aligned accordingly as 
the impact of wave force under the incident angle θ = 45° 
can be reduced, or the face of the structure requires extra 
reinforcement to encounter the wave force impact.

11) The inclined plate achieves nearly 90% or more 
energy dissipation except for the inclinations at αpi = 25°.

12) The energy dissipation achieved up to 95% – 100% 
for any inclination angle of the plate (αpo ≥ 0°).

13) The outward-inclined plates reflect almost 20% less 
and dissipate nearly 10% higher amount of wave energy 
when compared to a horizontally placed plate.

14) The inclination is recommended above 5° for the 
arrangement of an inward-inclined plate except in deep-
water regions. Aligning the plate horizontally to the free sur‐
face is more effective than using the outward-inclined plate.

15) The plate with a higher inward inclination angle 
αpi > 5° is observed to reduce wave force impact on the 
primary structure. An outward-inclined plate is suitable 
only for lower inclination αpo < 5° to reduce wave impact 
on the breakwater.
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