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Abstract
This study investigates wave interactions with different configurations of pile-restrained floating breakwater (T-shaped, ⊥-shaped, Π-shaped, 
H-shaped, I-shaped, and rectangular) with the multi-domain boundary element method. The analysis incorporates horizontal and vertical 
stratification in floating structures. Key scattering factors, including reflection, transmission, and dissipation coefficients, are evaluated to 
determine the influences of the structural and geometric parameters on floating breakwater performance. Additionally, this study examines the 
horizontal wave forces exerted on the seaward and leeward sides of the structures. Model convergence is validated, and the accuracy of the 
computational results is confirmed by comparing the wave reflection and transmission coefficient for rectangular floating pontoon and stratified 
submerged porous box. Further validation is provided by comparing the numerical results for an H-shaped model with experimental data 
obtained from wave flume testing. Findings indicate that the H-type breakwater demonstrates superior performance in deep-water environments, 
whereas the ⊥-type structure exhibits greater wave energy transmission and reflection in shallow-water environments. Moreover, the H-type 
configuration experiences the highest wave forces, whereas the ⊥-type structure experiences the least. The findings of this study offer valuable 
insights into the design and analysis of floating breakwaters in offshore environments.
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1 Introduction

Floating breakwaters as alternatives to permanent construc‐
tions efficiently prevent erosion along susceptible shore‐
lines. They are less expensive to construct than conventional 
fixed breakwaters and are especially suitable for deployment 
in deep-water environments where fixed structures are techni‐
cally unfeasible (McCartney, 1985). In addition, these struc‐
tures reduce environmental disturbances by permitting fish 

migration, sediment movement, and natural water circula‐
tion. Their functional value can be further enhanced by 
integrating wave energy conversion technologies (Mustapa 
et al., 2017). Owing to their low-profile design, these struc‐
tures are well suited for areas with notable tidal variations 
and offer reduced visual impact, often being perceived as 
more aesthetically pleasing than permanent breakwaters. 
Recent studies have focused on addressing issues, such as 
growing offshore construction costs, environmental con‐
straints in deep-water settings, and mooring space shortage 
due to increased recreational boating activities (Hales, 1981). 
Depending on their application and design, floating break‐
waters have been shown to protect coastlines in deep waters 
and reduce wave reflection (Dai et al., 2018). By stabilizing 
ship operations, floating breakwaters improve harbor safety 
in addition to providing coastline protection.

In recent years, numerical simulations have been increas‐
ingly integrated into theoretical and physical model analy‐
ses to enhance the practical application of floating break‐
waters. This integration has allowed for a more effective 
study of their performance and adaptability. Among the vari‐
ous structural forms, the rectangular box-shaped floating 
structure has been extensively studied because of its sim‐
plicity (Carr, 1951; Hay, 1966; Bottin and Turner, 1980). 
Mei and Black (1969) established the groundwork for fur‐
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ther studies by comparing the wave scattering properties 
of surface and submerged structures. The substantial impact 
of the width-to-wavelength ratio on wave transmission was 
emphasized by Mani (1991). Thereafter, Williams and Abul-
Azm (1997) analyzed wave interactions in dual pontoon 
breakwaters through theoretical and numerical investiga‐
tions. A diverse range of structural configurations, includ‐
ing T-shaped, ⊥-shaped, U-shaped, Π-shaped, F-shaped, and 
H-shaped structures, have been investigated (Neelamani and 
Rajendran, 2002; Geshraha, 2006; Günaydın and Kabdaşlı, 
2004; Günaydın and Kabdaşlı, 2007; Zhan et al., 2017; Deng 
et al., 2019). Innovative and composite designs, such as 
cylindrical breakwaters equipped with flexible mesh cages 
and suspending balls, have also been studied, as demon‐
strated by Ji et al. (2015). The performance of floating 
breakwaters is influenced by various parameters, such as 
geometry, mooring methods, and wave interactions. As dem‐
onstrated by Peng et al. (2013) and Ji et al. (2019), numeri‐
cal modeling approaches have emerged as essential tools 
for comprehending and improving the designs of floating 
breakwater systems.

To effectively address issues associated with wave-func‐
tion interactions, the boundary element method (BEM), 
which was first introduced by Brebbia and Dominguez 
(1992), has emerged as a useful numerical approach. The 
BEM provides computational advantages over domain-based 
approaches by concentrating on border computations and 
lowering the dimensionality of a problem. As demonstrated 
by Choi et al. (2000), the BEM is well suited for examin‐
ing wave diffraction and radiation surrounding floating 
bodies, and its application in the study of floating structures 
has gained widespread acceptance in recent years. Zheng 
et al. (2007) successfully used the BEM to examine the rela‐
tionship between oblique waves and long prismatic forma‐
tions. Additionally, Yanna et al. (2011) employed a time-
domain BEM to investigate wave interactions in a box-type 
floating structure equipped with a mooring system. To 
evaluate the performance of an F-type floating breakwater 
and optimize its dimensions for minimal material consump‐
tion, Duan et al. (2016) compared experimental and numeri‐
cal analyses using the BEM. Esmaeelpour et al. (2016) 
employed the BEM to examine wave-induced pressure and 
forces to evaluate the hydrodynamic performance of float‐
ing breakwaters supporting wind turbines. Wang et al. (2019) 
investigated the performance of an upper arc-shaped plate 
breakwater using the BEM, incorporating diffraction and 
radiation theories. Behera and Ghosh (2019) demonstrat‐
ed that wave reflection can be reduced to near-zero lev‐
els through the careful selection of wave and structural 
characteristics, which are useful for creating a tranquil envi‐
ronment next to a rigid wall when a step bottom is present. 
Expanding the use of the BEM, Vijay et al. (2021) examined 
wave-structure interactions in several inverted trapezoidal 
porous structures and incorporated nonlinear pressure drop 

conditions; their study analyzed the porosity, shape, and 
wave properties that affected the functionality of the struc‐
tures. Using the BEM approach, Trivedi and Koley (2021) 
examined the radiation problem associated with water 
waves interacting with a floating porous box, focusing on 
different seabed conditions that affect the oscillatory pat‐
terns of damping coefficients and additional mass. To exam‐
ine the impacts of porosity and structural geometry on wave 
force reduction, Nishad et al. (2021) used a dual BEM to 
investigate wave scattering in an H-shaped porous barrier. 
They incorporated nonlinear pressure drop boundary con‐
ditions into the investigation by using BEM. Paul and Behera 
(2024) observed a periodic pattern in wave energy dissipa‐
tion and an increase in normalized space between the struc‐
tures they studied; these effects facilitated wave reflection 
and transmission. The rationale for using multiple barriers is 
to reduce wave forces on floating docks. Venkateswarlu et al. 
(2024) stated that Bragg reflection induced by multiple 
bottom-standing breakwaters reduces the efficiency of 
oscillating water columns (OWCs) for specific wavelengths.

Sustainable breakwater solutions are increasingly neces‐
sary to address the growing demand for coastal protection. 
In response, researchers have explored the use of multilayer 
porous structures composed of different materials with 
varying friction factors and porosities. These multilayer 
arrangements have been shown to effectively shield the lee‐
side of a structure from wave action (Koley, 2019). Yu and 
Chwang (1994) examined wave interaction with double-
layer porous structures, considering different degrees of 
dissipation inside a medium; using the eigenfunction expan‐
sion method, they examined the wave reflection, transmis‐
sion, and dissipation properties of rectangular porous boxes 
with varying thicknesses and dissipative qualities. Addi‐
tionally, Twu et al. (2001) conducted a numerical study on 
the impact of oblique wave incidence on vertically strati‐
fied breakwaters with different porosities in deep seas; their 
findings demonstrated that multilayer topologies are supe‐
rior to single-layer constructions and at an appropriate width-
to-depth ratio, high porosity can dramatically reduce wave 
transmission. Tanneau et al. (2006) analyzed multilayer 
porous structures with a coupled numerical approach incor‐
porating the FEM and BEM, showcasing the computational 
resource efficiency of the BEM. Liu et al. (2007) exam‐
ined a modified perforated structure consisting of a double-
layer porous box and examined the impact of porosity on 
wave forces. The performance of trapezoidal porous struc‐
tures with different material properties was further investi‐
gated by Koley (2019), who showed that a strong wave 
reflection can result from increased friction inside layers. 
Expanding upon these studies, Venkateswarlu et al. (2020) 
examined the performance of double- and triple-layered 
stratified breakwaters, accounting for the effects of struc‐
tural characteristics, such as porosity, friction factor, and 
oblique wave incidence. Furthermore, Sahoo et al. (2023) 
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showed that waves reflected by the wall and structure dimin‐
ish with increasing structural porosity.

The increasing demand for adaptable and eco-friendly 
coastal infrastructure has positioned floating breakwaters 
as viable options for harbor expansion and coastal protec‐
tion. However, the study remains limited regarding the 
identification of optimal floating structure configurations 
with maximized performance in harbor areas. In the present 
study, different floating breakwater configurations, such as 
rectangular, T-shaped, ⊥-shaped, Π-shaped, H-shaped, and 
I-shaped structures, are hydrodynamically compared to 
determine the most efficient configuration in terms of reflec‐
tion and stability. Unlike massive rectangular breakwaters, 
the T-shaped, H-shaped, and Π -shaped structures, which 
primarily consist of barriers and plates of a finite thick‐
ness, are efficient in minimizing wave transmission (Liu 
et al., 2025) and lowering horizontal wave force (Zhang 
et al., 2024). In deep-water areas, H-shaped floating break‐
waters exhibit better wave attenuation than rectangular 
floating breakwaters (Vishwakarma and Karmakar, 2024). 
Hassanpour et al. (2025) analyzed variations in transmis‐
sion and reflection patterns to identify the most efficient 
breakwater configuration under varying wave conditions; 
they employed the multi-domain boundary element method 
(MDBEM) to assess the hydrodynamic performance in 
terms of wave reflection, transmission, and energy dissipa‐
tion coefficients. Then, a comparative study of each config‐
uration was performed by analyzing incident wave forces. 
Section 2 presents an overview of the theoretical formula‐
tion of the governing equations and corresponding bound‐
ary conditions applied to the presented models. Section 3 
outlines the numerical methodology, detailing the discreti‐
zation of the boundary elements and final boundary integral 
equations used to solve the problem within the MDBEM 
framework. Section 4 provides the numerical and experi‐
mental validations along with the numerical results. Finally, 
Section 5 summarizes the core findings and conclusions.

2 Theoretical formulation

Using the MDBEM approach, the numerical analysis 
is conducted to investigate wave interactions in various 
floating porous structure configurations (with or without 
stratification). The ideal geometries of the structures are illus‐
trated in Figures 1(a)– (f), which details various structural 
parameters, fluid and structural borders, and geometrical 
coordinate systems. In the MDBEM framework, fluid and 
structural boundaries are considered for the hydrody‐
namic assessment of wave-structure interactions (Patil and 
Karmakar, 2021). Problems are solved with the two-dimen‐
sional Cartesian coordinate system. The horizontal x axis 
and vertical y axis are referenced to the still water level. 
The monochromatic wave is an incident wave along the 

Figure 1　Schematic representation of a pile-restrained floating 
breakwater
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positive x direction. The incident wave on the structural 
boundary is considered regular, with small-wave ampli‐
tude α and wavelength λ propagating from left to right 
toward the breakwater at water depth h.

The fluid is assumed to be inviscid, incompressible, and 
irrotational fluid flow. Thus, the total velocity potential 
Φ ( x, y, t ) for the fluid and structural region can be expressed 
as Φ ( x, y, t ) = Re{ϕ ( x, y )e− iωt}, where Re is the real part 

of ϕ ( x, y ), which satisfies Laplace’s equation represented as

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

In the formulation of fluid domain Ω, ΓSB represents the 
seabed 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 expressed respectively as ΓINPUT, which indicates the 
incident region, and ΓOUTPUT, which indicates the transmit‐
ted region. The boundary condition on the free surface ΓFS 
is derived from Bernoulli’s equation under the assumption 
of small-wave amplitudes.

∂ϕ
∂y

− ω2

g
ϕ = 0 (2)

The sea bed is assumed to be flat and impermeable. 
Accordingly, the impervious horizontal seabed ΓSB bound‐
ary condition is expressed as

∂ϕ
∂y

= 0  at  y =  − h (3)

The interaction between a porous structure and a sur‐
rounding fluid at each interface leads to the continuity of 
mass flow and pressure (Sollitt and Cross, 1972; Chwang 
and Chan, 1998). Thus, the edge conditions for the porous 
structure region on the ΓSTR boundary can be expressed as

∂ϕf
STR∂n

= ε
∂ϕs

STR∂n
   ,   ϕf

STR = (S + if )ϕf
STR (4)

where ε is the structural porosity, S is the inertia effect 
parameter of a porous medium, and f is the friction factor of 
the porous medium. The structure modeled is assumed to 
be situated between the two auxiliary boundaries ΓINPUT and 
ΓOUTPUT. Therefore, the far-field radiation condition for the 
input and output open boundary conditions is expressed as

lim
n → ∞

r ( ∂ϕ
∂r

− ikϕ) = 0 (5)

where r = x2 + y2 . The velocity potential function at the 
input and output boundaries can be expressed as

ϕInput = ϕI + ϕR  , ϕOutput = ϕT (6) 

where ϕI, ϕR, and ϕT are the velocity potential for the inci‐

dent, reflected, and transmitted waves, respectively. Under 
the assumption of small-amplitude wave theory, the velocity 
potential functions can be expressed as

ϕInput =
ig
ω [ I0eikx f ( y) + R0e− ikx f ( y) ] ,   as  x → ∞

ϕOutput =
ig
ω

[T0eikx ] f ( y) ,    as  x →  − ∞ (7)

where I0, R0 and T0 represent the wave amplitude for the 
incident, reflected, and transmitted waves, respectively. 
The eigenfunction  f ( )y  is given by

f ( )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 different structural configu‐
rations examined in the present study for the analysis of 
wave interaction with floating breakwaters are discussed 
in detail in the next subsection.

3 Solution methodology using the multi-
domain boundary element method (MDBEM)

The hydrodynamic analysis of wave interactions in the 
various configurations of pile-restrained breakwaters is 
conducted using the MDBEM technique. The current com‐
putational domain consists of a source point and a general 
field point. Figures 2(a)–(f) provides a detailed account of 
the boundaries associated with fluid regions, structural 
regions, and associated fluid-structure interfaces for all the 
configurations.

The fundamental solution to the governing equation, as 
presented in Equation (1), is expressed as

∂2G

∂x2
+

∂2G

∂y2
+ δ (ξ − x, η − y) = 0 (10)

where δ is the Dirac-delta function in 2-D and can be 
expressed as

δ (t ) = {0 ,     t ≠ 0

∞ ,    t = 0
(11)

Taking (ξ, η) as the point source and r as the radius, 

Laplace’s equation is transformed to radial coordinates as

∇2G =
1
r

∂
∂r (r

∂G
∂r ) +

1
r2 ( ∂2G

∂θ2 ) (12)

where r = ( )x − ξ
2

+ ( )y − η
2
is the distance between 

the field point P ( x, y ) and the source point Q (ξ, η ). Thus, 
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the transformed equation can be expressed as

G ( x, y) =

ì

í

î

ï
ïï
ï

ï
ïï
ï

1
2π

ln ( )1
r

 , in 2D

1
4πr

 ,            in 3D

(13)

By employing free-space Green’s function and Green’s 
second identity, the generalized form of the boundary inte‐
gral equation is obtained as

c ( P )ϕ (P ) + ∫
Γ

ϕ
∂G
∂n

dΓ = ∫
Γ

G
∂ϕ
∂n

dΓ (14)

with c ( P )is denoted by

c ( P ) =

ì

í

î

ï
ïï
ï

ï
ïï
ï

1 ,        if P ∈ Ω

1
2

 ,       if P ∈ Γ is smooth

0 ,        if P ∈ Ω, Γ

(15)

where Γ denotes the boundary of the computational domain 
under consideration. Therefore, the final boundary integral 
equation can be expressed as

ϕ ( )P
2

+ ∫
Γ

∂G
∂n

ϕ dΓ = ∫
Γ

∂ϕ
∂n

G dΓ (16)

The boundary domain is split up into N constant elements, 
and at the mid-element node, the ϕ value is considered con‐
stant throughout all the elements. Therefore, Equation (17) is 
discretized into N constant boundary elements (Figure 2), and 
the discretized boundary integral equation is represented as

ϕ ( )P
2

+ ∑
j = 1

N ( )∫
Γj

∂G
∂n

ϕj dΓ = ∑
j = 1

N ( )∫
Γj

∂ϕ
∂n

 Gj dΓ (17)

where Γj is the boundary of the jth element.

Given that ∫
Γj

∂G
∂n

 dΓ = Hij and ∫
Γj

Gj dΓ = Qij, the bound‐

ary integral equation in Equation (16) can be expressed as

− ϕ ( )P
2

+ ∑
j = 1

N ( )Hij ϕj = ∑
j = 1

N ( )Qij

∂ϕ
∂n

(18)

The terms Hij and Gij are the influence factors between 
the elements i and j where the fundamental solution is 
applied (Patil and Karmakar, 2021). When fluid interacts 
with a floating structure, the free surface and seabed, 
along with the corresponding dimensions and physical 
qualities, are substituted in the boundary conditions for the 
breakwater zones. Therefore, the expanded discretized 
equation can be expressed as

Figure 2　Schematic representation of boundary elements for pile-
restrained floating breakwaters
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− 1
2

ϕfR + ∑
j = 1

N ( )Hijϕ
f
SB + ∑

j = 1

N ( )Hij − ikQij ϕf
OUTPUT +

∑
j = 1

N ( )Hij − ω2

g
Qij ϕf

FS1 + ∑
j = 1

N ( )Hijϕ
f
STR −

∑
j = 1

N ( )Qij

∂ϕf
STR∂n

+ ∑
j = 1

N ( )Hij − ω2

g
Qij ϕf

FS2 +

∑
j = 1

N ( )Hij − ikQij ϕf
INPUT = 0 (19)

The discretized equations for the leeside and seaside 
breakwaters, considering structural region boundary condi‐
tions, are expressed as follows:

− 1
2

ϕs + ∑
j = 1

N ( )Hijϕ
s
STR − ∑

j = 1

N ( )Qij

∂ϕs
STR∂n

= 0 (20)

For the fluid region, the revised discretized equation, incor‐
porating the input and output velocity potentials as defined 
in Equation (7), can be stated as

− 1
2

ϕfR + ∑
j = 1

N ( )Hijϕ
f
SB + ∑

j = 1

N ( )Hij − ikQij ϕf
T +

∑
j = 1

N ( )Hij − ω2

g
Qij ϕf

FS1 + ∑
j = 1

N ( )Hijϕ
f
STR −

∑
j = 1

N ( )Qij

∂ ϕf
STR∂n

+ ∑
j = 1

N ( )Hij − ω2

g
Qij ϕf

FS2 +

∑
j = 1

N ( )Hij − ikQij ϕf
R =  −∑

j = 1

N ( )Hij − ikQij ϕf
I (21)

For each velocity potential, the superscripts f and s in 
Equations (19) ‒ (21) denote the fluid region and porous 
structure domain, respectively. In Equation (13), the veloc‐
ity potentials for seabed, transmission region, free surface 
between structure and transmission boundary, structure 
region, free surface between structure and incident region, 
and far-field boundary are represented as ϕSB, ϕT, ϕFS1, ϕSTR, 
ϕFS2 and ϕR, respectively. The interfaces between the struc‐
ture and the sea bed and between the structure and struc‐
ture-free surface are assumed rigid. Hence, the boundaries 
at the interface of fluid and structure regions have the same 

potential ϕm

STRj
 and flux 

∂ϕm

STRj∂n
, which can be expressed as

∂ϕm

STRj∂n
= 0 (22)

To solve the system of linear equations, the matching 
boundary conditions are applied and arranged in matrix 
form to determine the values of unknown potentials. The 
unknown potentials ϕR and ϕT from the system of equations 
are solved by the Gauss-elimination technique implemented 

in MATLAB. The reflection coefficient Kr, transmission 
coefficient K t, and dissipation coefficient Kd are calculated 
by the relations

Kr =
|

|
|
||
| R0

I0

|

|
|
||
|
, K t =

|

|
|
||
| T0

I0

|

|
|
||
|
 , Kd = 1 − K 2

r − K 2
t (23)

The relationship that establishes the horizontal wave 
force acting on the breakwater defined by Abul-Azm and 
Gesraha (2000) is given by

FxB = Re
é

ë

ê
êê
ê
ê
ê
iρω ∫

ΓSTR j

( )nx ϕSTRdΓ
ù

û

ú
úú
ú
ú
ú

(24)

where nx is the unit normal vector in x direction on ΓSTR. 
The horizontal wave force coefficient can be expressed as

KFx =
FxB

ρgh2
(25)

4 Numerical results and discussion

The present study, in association with the numerical 
model using MDBEM for wave interaction with different 
floating structure configurations, is outlined in Section 2. 
This section discusses hydrodynamic parameters, includ‐
ing the reflection coefficient Kr, transmission coefficient 
K t and dissipation coefficient Kd for various physical and 
structural parameters, such as porosity ε, friction factor f, 
relative water depth d/h, and relative width B/h. These 
parameters are assessed to determine their impact on effi‐
ciency and cost-effectiveness and to identify the most suit‐
able structure for practical application. Wave parameters, 
such as acceleration due to gravity (g = 9.81 m/s2), wave 
amplitude (a0 = 1), and water depth h, are assumed to be 
constant throughout the analysis. Unless stated otherwise, 
all structures are considered porous and are modeled using 
the assumed parameters provided in Table 1.

4.1 Convergence of the boundary elements for a 
rectangular breakwater

The convergence of the proposed MDBEM technique, 
evaluated in terms of the transmission and reflection coef‐
ficients for a pile-retained rectangular structure under nor‐
mal wave incidence, is displayed in Table 2. As illustrated 
in Figure 2, the boundaries are discretized into N constant 
elements. The element length (Δx = 0.01) is used to ana‐
lyze the structural characteristics, and the convergence of 
Kr and K t is noted for the constant element length Δx =
0.01 and Δx = 0.005 up to four decimal places. The BEM 
mesh is constructed using the discretized elements of size 
1/100th at each boundary length of 1 m.
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4.2 Validation of the present numerical model

A numerical method of discretizing the boundary in multi-
domain is developed to analyze wave-floating structure 
interactions. The proposed model is validated using the 
model developed by McDougal and Sulisz (1989), and for 
stratification, a double-layer structure is modeled accord‐
ing to the approach of Yu and Chwang (1994). Further‐

more, the MDBEM model is validated using the experi‐
mental results obtained with a physical model test conducted 
in the wave flume.

4.2.1 Comparative study with numerical method

The numerical model for the fixed floating rectangular 
structure as in McDougal and Sulisz (1989) is validated 
with the present BEM approach, as shown in Figure 3(a). 

Table 2　Convergence of Kr and Kt with increasing boundary elements

ΓSB

40

80

400

800

ΓSW

10

20

100

200

ΓFS1

10

20

100

200

ΓSTR1 - 3

25

50

250

500

ΓFS2

10

20

100

200

ΓInput

10

20

100

200

Δx

0.100

0.050

0.010

0.005

N

110

220

1 100

2 200

Kr

0.090 637

0.089 868

0.089 231

0.089 154

Kt

0.996 318

0.996 247

0.996 010

0.995 799

Table 1　Structural dimensions of the floating breakwater models

Configuration

Rectangular breakwater

T-shaped breakwater

⊥-shaped breakwater

Π-shaped breakwater

H-shaped breakwater

I-shaped breakwater

Pictorial representation Dimensions

d = 0.2h
B = 2h

d = 0.2h, d1 = 0.35d 

d2 = 0.65d
B = 2h, B1 = 0.28B

d = 0.2h, d1 = 0.65d 

d2 = 0.35d
B = 2h, B1 = 0.28B

d = 0.2h, d1 = 0.65d

B = 2h, B1 = 0.16B

B2 = 0.68B

d = 0.2h, d1 = 0.4d

B = 2h, B1 = 0.16B 

B2 = 0.68B

d = 0.2h, d1 = 0.3d

d2 = 0.4d
B = 2h, B1 = 0.28B

Properties

ε = 0.2
f = 1.2

S = 1

ε1 = 0.2, ε2 = 0.5

f1 = 1.2, f2 = 1.0

S1 = 1, S2 = 1 

ε1 = 0.2, ε2 = 0.5

f1 = 1.2, f2 = 1.0

S1 = 1, S2 = 1 

ε1 = 0.2, ε2 = 0.5

f1 = 1.2, f2 = 1.0

S1 = 1, S2 = 1 

ε1 = 0.2, ε2 = 0.5

f1 = 1.2, f2 = 1.0

S1 = 1, S2 = 1 

ε1 = 0.2, ε2 = 0.5

f1 = 1.2, f2 = 1.0

S1 = 1, S2 = 1
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The numerical results obtained for Kr and K t indicate that 
the transmission is maximized and reflection is minimized 
for shallow water depths at high kh values. The cross-sec‐
tion of the structure is assumed to be rectangular, with draft d 
and width 2b. The depth is assumed to be 10 m, and the 
wave amplitude is 1 m. The ratio of the cross-sectional area 
of the structure to the square of the water depth serves 
as an approximation indicating the structure’s size. Struc‐
tural mass is assumed to be equally distributed and has a 
density of half that of seawater. Given the reflective nature 
of the fixed structure, a standing wave will likely form. 
Except at large wave numbers and near the natural pitch 
frequency, the free-floating structures generally exhibit 
greater wave transmission. The results obtained for the cur‐
rent model are consistent with the result of McDougal and 
Sulisz (1989), underscoring the validity of the model and 
suggesting avenues for further research.

Additionally, the current MDBEM technique is applied to 
analyze wave interaction with the horizontal stratified structure 
as shown in Figure 3(b) and validated with Yu and Chwang 

(1994), where ε1 = ε2 = 0.8, S1 = S2 = 0.2, and f1 = f2 = 2; 
their findings indicate that a structure with low porosity 
exhibits increased wave reflection and reduced transmis‐
sion, demonstrating enhanced energy dissipation; when waves 
travel through a medium with high porosity, they dissipate 
energy, and when porosity falls, they dissipate less energy. 
The MDBEM approach is extended for the investigation, 
and the numerical results obtained utilizing the current 
MDBEM approach and the EFEM stratified structure pre‐
dicted by Yu and Chwang (1994) are noted to have good 
agreement.

4.2.2 Comparative study with the experimental method
The experimental investigation is performed in the wave 

flume at the Department of Water Resources and Ocean 
Engineering, National Institute of Technology Karnataka, 
Surathkal, India. Figure 4(a) depicts the experimental con‐
figuration. The flumes are 50 m long, 0.74 m wide, and 
1.1 m deep. At one end, a 1.4 m deep chamber houses a 
bottom-hinged flap that generates regular waves. To reduce 
wave reflection, a rubble mound wave absorber is placed 
at the opposite end of the wave flume. A flap-type wave‐
maker that runs electrically on an 11 kW induction motor at 
1 450 r/min controls the wave flume. This laboratory facility 
can generate regular waves with a maximum water depth 
of 0.70 m, with wave periods of 1.0–3.0 s and wave height 
of 0.06–0.20 m.

Before the experimental trials, the wave flume is cali‐
brated to determine the appropriate wave height for a certain 
generator stroke and wave period combination at varying 
water depths. Wave surface elevation on the water surface is 
measured using capacitance-type wave probes. The method‐
ology proposed by Goda and Suzuki (1976) is employed. 
Three-wave probes are placed at L, L/3, and 2L/3 distances 
from the test model to the direction of wave propagation 
to measure incident and reflected wave heights. The sectional 
view of the wave flume setup is presented in Figure 4(a).

The experimental investigation is performed on an H-
shaped pile-restrained breakwater. The H-shaped struc‐
ture consists of three rectangular structures, as shown in 
Figure 4(b): two vertical members (webs) and one horizon‐
tal member (flange). The porosity of the structures is varied 
by using concrete balls of various diameters (0.02, 0.04, 
0.06, and 0.08 m). The H-shaped breakwater model utilized 
in the study is tightly packed with concrete balls of varying 
sizes, which are arranged in different combinations to 
achieve the desired levels of porosity. The concrete balls 
are placed within the breakwater’s meshed walls, along 
with an additional removable top mesh to secure the upper‐
most layer. Observations during the experiments indicate 
negligible drift owing to the close packing of the balls. The 
schematic of the H-shaped porous structures restrained by 
the piles and notations used in the experiment is shown in 
Figures 4(b) and 4(c). The notations with the range for the 
experiment are presented in Table 3.

Figure 3　Comparative study of Kr and Kt for a rectangular fixed 
floating structure with McDougal and Sulisz (1989) and stratified 
submerged porous box of different porosities with Yu and Chwang 
(1994)
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The current investigation involves an experimental anal‐
ysis to study the hydrodynamic behavior of a pile-restrained 
H-shaped porous breakwater. The analysis was performed 
under regular wave conditions, and the results are com‐
pared with those obtained using the numerical model devel‐
oped with the MDBEM. Wave interaction is studied under 

various levels of porosity of the breakwaters to evaluate 
reflection and transmission coefficients on the basis of the 
nondimensional wave number kh. The breakwater is pile 
restrained under a surface-piercing condition, tested on the 
wave flume with 0.5 m water depth, as shown in Figure 4(a). 
The regular waves with a fixed wave height of 12 m are 
used, with 1.4 ≤ T ≤ 2.6 s. The webs and flange sections of 
the H-shaped model have varying uniform porosity within 
0.2 ≤ ε1, 2 ≤ 0.4. The model dimensions are illustrated in 
Figures 4(b) and 4(c). The parameters are kept constant: ρ =
1 000 kg/m3, g = 9.81 m/s2, S1 = S2 = 1, and f1 = f2 = 0.5 
throughout the computation.

This study examines measurement uncertainties, quanti‐
fying uncertainty components (Sener et al., 2023) and using 
the standard error of the mean for repeated testing. Uncer‐
tainty analysis provides a quantitative range with a specified 
confidence level, within which the true value most likely 
falls. To obtain accurate measurement results, uncertainty 
estimations and corresponding confidence levels are included. 
Table 4 shows the uncertainty parameters in terms of stan‐
dard deviation and standard error of the mean. The mean 
value of repeated test results from n samples is computed as

Ym = ∑
i = 1

n

Yi (26)

The dispersion of findings from several measurements 
can be quantified using the standard deviation, which is 
expressed as

SD =
∑
i = 1

n

( )Yi − Ym

2

n − 1
(27)

The standard error of the mean is calculated as

SEM =
SD

n
(28)

Figures 5(a)–(c) presents a comparison of variations in Kr 
and K t with the nondimensional wave number kh for the 
pile-restrained H-shaped model. The comparison is based 
on experimental and numerical results for different levels 
of porosity in shallow water conditions. In the experimental 
studies, the time period is considered in the range of 1.4–2.6. 
Hence, the nondimensional wave number varies from 0.5 
to 1.2. Increasing the porosity of the breakwater in inter‐

Table 4　Uncertainty parameters for the incident wave with different 
wave heights

Wave height (cm)

6

8

10

12

SD

0.009

0.008

0.007

0.010

SEM

0.001

0.001

0.000

0.001

Figure 4　Sectional, front, and top views of the experimental setup 
for pile-restrained H-shaped porous breakwater

Table 3　Physical parameters for the different configurations of the 
composite breakwater

Symbol

d

dw

df

Bw

Bf

LB

Description

Water depth

Depth of web

Depth of flange

Width of web

Width of flange

Breakwater width

Range (m)

0.50

0.30

0.15

0.15

0.38

0.68
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mediate- and deep-water regions (kh ≥ 0.3) lowers the 
reflected energy, and increased wave energy dissipation 
and absorption mechanisms within the structure are the 
prime causes of this effect. A slight decrease in transmis‐
sion coefficient is observed as porosity increases. This 
behavior is primarily attributed to increased energy dissi‐
pation, long-wave interaction length, wave refraction, and 
diffraction effects. The pile-restrained H-shaped breakwater 

is observed as efficient in shallow-water regions by maxi‐
mizing the reflection and minimizing the transmission. A 
close agreement with the numerical and experimental results 
of Kr and K t with the change in the porosity is observed 
for wave numbers of 0.5–1.2.

4.2.3 Rectangular porous box
Figures 6(a) and 6(b) show variations in reflection coef‐

ficient Kr, transmission coefficient K t, and dissipation coef‐
ficient Kd as a function of nondimensional wave number 
kh at different levels of porosity and friction factors of 0.6–
1.5 for a porous rectangular box. At low porosity (ε1 = 0.1) 
and high friction factor (f1 = 1.5), a high wave reflection 
(Figure 6(a)) of 80% and nearly zero wave transmission 
are observed because of restricted flow through the struc‐
ture. Given the minimal friction-induced movement of the 
fluid through the structure, the wave dissipation is moderate.

At high porosity (ε1 = 0.7) and low friction factor ( f1 =
0.6 ), wave reflection is minimal, and a high wave trans‐
mission of 70% is achieved, given that waves can easily 
flow through the permeable structure. Hence, for less fric‐

Figure 6　 Variations in reflection, transmission, and dissipation 
coefficient Kd versus nondimensional wave number kh for different 
levels of porosity and friction factor at d/h = 0.2 and B/h = 2 for a 
rectangular porous box breakwater.

Figure 5　Comparison of reflection and transmission coefficient for 
different levels of porosity of breakwater versus nondimensional wave 
number kh, validated using experimental study and the MDBEM
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tion faction, minimal dissipation is observed. Given the 
moderate porosity (ε1 = 0.6) and low friction factor ( f1 =
0.6 ), maximum energy dissipation (Figure 6(b)) of up to 
60% is noted by maintaining a balance between significant 
friction and sufficient flow through the structure. At low 
porosity (ε1 = 0.1) and high friction factor ( f1 = 1.5), a 
small portion of fluid enters the structure despite consider‐
able friction, and the dissipation is restricted. At a low kh 
value (long waves/shallow water), a high wave reflection 
and wave dissipation result from waves interacting with 
the structure, but for high kh (deep water/short waves), 
waves transmit more readily, lowering wave dissipation and 
wave reflection. Particularly for long waves, wave dissipa‐
tion and wave reflection increase because of improved 
wave – structure interactions in a structure with dimen‐
sions d/h = 0.2 and B/h = 2. The hydrodynamic coefficients 
are determined by the interaction of wave characteristics, 
friction (dissipating energy), and porosity (enabling flow). 
High friction promotes wave dissipation, but low porosity 
improves wave reflection. At reasonable porosity and fric‐
tion coefficient, optimal energy dissipation occurs. At a 
low friction coefficient, wave transmission is dominant.

Figures 7(a) and 7(b) depict the variation of reflection 
coefficient Kr, transmission coefficient K t and dissipation 
coefficient Kd as a function of nondimensional wave num‐
ber kh for changing relative water depth values of 0.1–0.5. 
Regardless of water depth, a low draft for a rectangular 
structure in Figure 7(a) transmits high wave energy in the 
breakwater with d/h = 0.1, resulting in over 80% wave 
transmission in shallow-water regions. The effectiveness 
of the breakwater in diffracting or scattering incoming 
wave energy may be limited during low drafts. High wave 
transmission is a result of this decreased diffraction capa‐
bility. The Kr value (Figure 7(a)) exhibits a high value for 
the low draft in shallow- and intermediate-water regions 
(kh ≤ 2.0) but shows an inverse trend in deep-water regions 
where the reflection is high. Given that wave energy is 
concentrated close to the surface in shallow water, the low 
draft has a high reflection; in deep-water regions, the maxi‐
mum draft is effective because wave energy is distributed 
vertically throughout the water column. In Figure 7(b), the 
rectangular pile-restrained breakwater at the free surface 
with a high draft in shallow water (kh ≤ 2.0) dissipates 
more energy than that with a high draft in deep-water regions 
(kh ≥ 2.0). High draft leads to low energy dissipation in 
deep water depth because of reduced obstruction effects 
and increased dispersed wave energy. By contrast, the waves 
in shallow water depths generate high wave energy dissipa‐
tion because of strong flow constriction.

Figures 8(a) and 8(b) show variations in Kr, K t, and Kd 
as a function of dimensionless wave number kh for differ‐
ent relative widths (0.25 ≤ B/h ≤  2) for the pile-restrained 
rectangular porous box breakwater. Variation in K t verses 
kh in Figure 8(a) indicates that the wave transmission 

through the structure is unaffected by changes in relative 
width. The K t values are nearly converging with each other 
for all the cases when B/h ≤ 2.

However, owing to the trapping for low-frequency waves, 
the broadest structure transmits less wave energy for the 
long-wave regime, resulting in a decline in K t. The rectan‐
gular breakwater experiences zero wave transmission regard‐
less of width at increasing wave frequency in the short-wave 
region. Variation in Kr is directly proportional to the relative 
width B/h. As the surface area of the breakwater increases, 
the widest structure produces a high reflected wave. As 
shown in Figure 8(b), variation in the wave energy dissipa‐
tion for low-frequency waves is minimal when kh ≤ 0.5. 
As the wave transitions occur from the long-wave region to 
the intermediate and short-wave regions, the wave energy 
damping coefficient is observed to increase with decreas‐
ing structural breadth. An increasing tendency for wave dissi‐
pation is observed when kh ≥ 2.6. The Kd value increases 
when waves shift from long to short wavelengths or high 
frequencies, whereas structural breadth reduces. Variations 
may be attributed to the difference between short and long-
wave interactions. The effectiveness of energy dissipation 
mechanisms increases with decreasing structure width.

Figure 7　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh changing d/h in 
the rectangular porous box breakwater
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4.2.4 T-shaped breakwater
Figures 9(a) and 9(b) presents variations in Kr, K t, and 

Kd values as functions of dimensionless wave parameter 
kh for different levels of porosity when 0.1 ≤ ε1 ≤ 0.7 
and 0.6 ≤ f1 ≤ 1.5 for a T-type breakwater. The Kr value 
(Figure 9(a)) is high for high porosity and low friction coeffi‐
cient in shallow and intermediate water depths (kh ≤ 3.0). 
The high porosity and low friction coefficient result in 
increased reflection because large empty spaces improve 
wave resonance, and reduced friction diminishes wave 
energy dissipation. Furthermore, an opposite trend is observed 
for K t value at intermediate water depth (kh ≤ 1.0), and 
the combined effects of increased pore space, which facili‐
tates fluid flow, and decreased resistance to movement, opti‐
mize fluid dynamics in porous media, primarily accounting 
for the increase in relative permeability with high porosity 
and low friction coefficients in shallow and intermediate 
water depths. At deep-water regions, the K t value is negli‐
gible for the T-shaped floating breakwater; increasing the 
relative water depth considerably reduces wave transmis‐
sion. In deep-water regions, floating breakwaters are more 
cost-effective than permanent breakwaters. Figure 9(b) shows 

that the Kd value is high in shallow and intermediate water 
depths when the porosity is low and the friction coefficient 
is high. Increased flow velocities in small pore spaces and 
increased friction-induced turbulence exert synergistic effects 
to increase dissipation, intensifying energy dissipation in 
porous structures.

Variations in Kr, K t, and Kd are presented in Figures 10(a) 
and 10(b) as a function of dimensionless wavenumber kh 
at changing relative water depth (0.1 ≤ d/h ≤ 0.5) in the 
T-type breakwater. The oscillating crest and trough in Kr 
(Figure 10(a)) are visible when d/h = 0.4. Variations in oscil‐
lations between the long-wave and intermediate depth are 
considerably lower. Owing to the effective presence of the 
web section, which induces more wave reflection than sim‐
ple rectangular structures, notable alterations in Kr are 
observed (Figure 10(a)). High-frequency waves are reflected 
because of wave entrapment. By contrast, waves in the long-
wave regime can easily pass through the structure with 
extremely little wave reflections because of the low wave 
frequency. The presence of a T-type breakwater lowers 
wave transmission when kh ≥ 1.0 regardless of changes in 

Figure 8　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh changing B/h in 
the rectangular porous box breakwater

Figure 9　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh for changing 
porosity and friction coefficient when d/h = 0.2 and B/h = 2 in the 
T-type floating breakwater
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relative depth. For each type of wave frequency at d/h = 0.4, 
notable crests and troughs are observed, and the wave dis‐
sipation coefficient (Figure 10(b)) is noted to have an oscillat‐
ing nature. The nonidentical porous structures interacting 
with a wave can cause a specific type of orientation in the 
numerical findings. As a result, increased energy dissipa‐
tion occurs at low wave frequencies when surface layer 
porosity is low.

Figures 11(a) and 11(b) show variations in Kr, K t, and 
Kd as functions of dimensionless wavenumber kh for dif‐
ferent relative widths (0.25 ≤ B/h ≤ 2) for a T-type floating 
porous breakwater. In intermediate water depth (kh ≥ 0.5), 
the T-type breakwater with a high B/h reflects wave energy, 
as indicated by the high Kr (Figure 11(a)) values at a shal‐
low water depth. In addition, the effect is minimal. The 
minimal effect in shallow water depth is due to the domi‐
nant bottom friction and horizontally concentrated wave 
energy, whereas Kr values increase with relative width at 
an intermediate water depth because of improved wave-
structure interaction and uniform energy distribution. Wave 
energy is transmitted through the breakwater for a high 

width at a shallow water depth but is insignificant in inter‐
mediate water depth. Given that bottom friction predomi‐
nates and wave energy is concentrated horizontally in shal‐
low water, B/h increases with wave energy transfer K t, ren‐
dering the T-type breakwater width negligible. High width 
has little influence on wave energy transmission at inter‐
mediate water depths. In shallow water depth, the effect is 
minimal, but in intermediate water depth, the wave dissipa‐
tion Kd (Figure 11(b)) increases with decreasing width. 
Given that wave dissipation is mostly regulated by bottom 
friction in shallow water, rendering width effects insignifi‐
cant, dissipation increases in narrow channels in intermedi‐
ate water depth because of enhanced wall effects and wave 
focusing. Thus, to develop and optimize T-type floating 
porous breakwater for efficient wave energy management 
in offshore and coastal environments, engineers and research‐
ers need to understand design factors that affect structural 
performance in wave attenuation.

4.2.5 ⊥-shaped breakwater
Figures 12(a) and 12(b) depict variations in Kr, K t, and Kd 

as functions of dimensionless wave parameter kh for differ‐

Figure 10　 Variation of reflection, transmission and dissipation 
coefficient versus nondimensional wave number kh changing d/h in 
the case of T-type floating breakwater

Figure 11　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh changing B/h in 
the case of T-type breakwater
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ent levels of porosity (0.1 ≤ ε1 ≤ 0.7) and friction factors 
(0.6 ≤ f1 ≤ 1.5) for a ⊥-type breakwater. Figure 12(a) illus‐
trates that K t is affected because of changes in porosity and 
friction factor in shallow-water regions (kh ≤ 0.5) but unaf‐
fected at intermediate and deep water depths (kh ≥ 0.5). 
Moreover, Kr increases with increasing friction factor and 
decreasing porosity. Porosity and friction affect the trans‐
mission coefficient in shallow water because of bottom inter‐
action and increased energy dissipation. However, they exert 
minimal effects in deep water because of insignificant bot‐
tom effects. Hence, more wave energy is reflected, and 
less is transmitted through the ⊥-type breakwater, and the 
reflection coefficient increases with increasing friction and 
decreasing porosity at all depths. Kd (Figure 12(b)) is noted 
to be high for low friction factors and high porosity regard‐
less of water depth. A small amount of energy is lost through 
friction within the porous material, and more wave energy 
can be transported and dissipated through other means, 
resulting in a greater dissipation coefficient. Conversely, 
large porosity results in a high dissipation coefficient because 
more water may pass through the structure, increasing the 
dissipation of wave energy.

Figures 13(a) and 13(b) show variations in Kr, K t, and 
Kd values as functions of dimensionless wave number kh 
for various relative structural depths (0.1 ≤ d/h ≤ 0.5) for 
an ⊥-type breakwater. At low wave frequencies, variations 
in Kr (Figure 13(a)) are observed as d/h changes. When 
d/h ≤ 0.3, the notable undulating troughs are observed. 
The ⊥-type breakwater with the highest relative draft 
(d/h ≥ 0.4) exhibits a sharp decline to reach the minima as 
the wave transitions from the long-wave to the short-wave 
domain, and the structure with the lowest draft (d/h = 0.1) 
exhibits an oscillating crest and reaches the peak value. 
Given that water mass is allowed within the flange area, a 
highly frequent wave is slightly reflected as the structural 
draft increases, including the web of the ⊥-type breakwa‐
ter. Furthermore, for high-frequency waves, the undulating 
peak in K t (Figure 13(a)) is observed in the long-wave 
regime, but the number of oscillations in the transmission 
coefficient decreases in the short-wave regime. Additionally, 
the K t value increases with decreasing d/h, and a deviation 
in the trend is observed when d/h ≥ 0.4. As the web of the 
⊥-type breakwater is submerged deeper, wave transmission 
at high-frequency waves decreases. Large crests and troughs 
are observed for each type of wave frequency, and Kd 
(Figure 13(b)) exhibits an oscillating nature when d/h = 0.1. 
During the transition from the long-wave regime to the 
short-wave regime, the ⊥-type breakwater dissipates a rel‐
atively small amount of wave energy. High energy dissipa‐
tion is significantly greater in the short-wave range. There‐
fore, when structural depth increases, high-frequency wave 
energy dissipation is enhanced, leading to wave entrapment 
instead of transmission. Given that the increased surface 
area of a porous breakwater interacts with incident waves, 
the high dissipation of high-frequency wave energy occurs 
as the structural depth increases. As a result, wave energy 
dissipation increases, and wave energy reflection decreases.

Figures 14(a) and 14(b) show variations in Kr, K t, and 
Kd as functions of dimensionless wave number kh for dif‐
ferent relative widths (0.25 ≤ B/h ≤ 2) for a ⊥-type float‐
ing breakwater. Kr (Figure 14(a)) is higher for wider struc‐
tures in intermediate- and deep-water regions (kh ≥ 0.3). 
However, the effect of variation in the width of the struc‐
ture is negligible in shallow water depths. The fundamental 
natural frequency of the system may decrease with increas‐
ing relative structural width. A wide structure is more effec‐
tive as a breakwater because it distributes more wave energy. 
As B/h increases, the wave transmission decreases, as 
depicted in Figure 14(a) and is mostly significant in shallow-
water regions. The low wave frequencies and a rising oscil‐
lation trend result in less wave dissipation (Figure 14(b)). In 
the long-wave regime (0.0 ≤ kh ≤ 0.45), Kd increases with 
B/h. In the intermediate and deep-water region (kh ≥ 0.45), 
oscillation in Kd trends displays an opposite trend and exhib‐
its large oscillation magnitudes for low values. High-fre‐
quency waves dissipate energy because of wave trapping 

Figure 12　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh changing porosity 
and friction coefficient considering d/h = 0.2 and B/h = 2 in the ⊥-type 
breakwater

946



A. Panda et al.: Performance Evaluation of Pile-Restrained Floating Breakwater using the Multi-domain Boundary Element Method

when they interact with a broad structure, which causes oscil‐
lations to invert. Wide structures dissipate less turbulent 
energy because of improved flow, reduced vortex shedding, 
and stable pressure distribution across the ⊥-type breakwater.

4.2.6 Π-shaped breakwater
Figures 15(a) and 15(b) depict variations in Kr, K t, and 

Kd as functions of dimensionless wave parameter kh for 
different levels of porosity when 0.1 ≤ ε1 ≤ 0.7 and 0.6 ≤
f1 ≤ 1.5 for the Π -type breakwater. Increases in porosity 
and water depth result in a reduction in Kr (Figure 15(a)). 
This result indicates that the Π -type breakwater reflects 
less wave energy when kh increases. Short wavelengths in 
relation to water depth are associated with high kh values, 
which may cause wave energy to be dissipated or transmit‐
ted rather than reflected. Additionally, by permitting more 
wave energy to pass through or get absorbed, high porosity 
and friction factors can lessen the reflection. Enhanced 
transmission in Figure 15(a) is caused by high porosity, 
which facilitates the movement of the waves in the Π-type 
breakwater. The Π -type breakwater and wave interaction 
are modified for energy dissipation through turbulence and 

friction at intermediate depth. The waves may be short to 
interact with the breakwater efficiently at extremely high kh 
values, which would reduce wave dissipation (Figure 15(b)). 
More wave energy may pass through the Π-type breakwa‐
ter because of increased porosity, which increases K t and 
lowers Kr. Owing to the increased turbulence and friction 
inside the porous structure, the energy dissipation of Π-type 
breakwater is improved. Given that wave energy is lost to 
friction, a high friction factor results in energy dissipation. 
As the breakwater absorbs more energy, Kr and K t decrease. 
The way waves interact with the Π-type breakwater is deter‐
mined by the dimensionless wave parameter kh. High kh 
values (shorter waves) tend to transmit more energy and 
can be dissipated more efficiently at specific ranges, while 
lower kh values (longer waves) tend to reflect more energy.

Figures 16(a) and 16(b) present variations in the Kr , Kt, 
and Kd value of waves interacting with an Π-type breakwater 
as a function of dimensionless wave number kh for differ‐
ent values of relative water depth d/h when 0.1 ≤ d/h ≤ 0.5. 
Figure 16(a) shows that the oscillatory trend for Kr is large 
for small values in the intermediate water region (kh ≥ 0.5) 
and shows an opposite trend in the deep-water region.

Figure 13　Variation of reflection, transmission and dissipation 
coefficient versus nondimensional wave number kh changing d/h in 
the case of ⊥-type breakwater

Figure 14　Variation of reflection, transmission and dissipation 
coefficient versus nondimensional wave number kh changing B/h in 
the case of ⊥-type breakwater
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Waves prefer to travel through structures at low wave 
frequencies, and as the frequency increases, the front web of 
the Π-type breakwater creates a barrier that reflects the wave 
in the short-wave regime. Variations in K t (Figure 16(a)) 
demonstrate that the change in transmission coefficient is 
inversely proportional to d/h. As a result, as the structural 
draft increases, the wave transmission decreases, and as 
wave frequency increases in deep-water regions, it becomes 
invalid. At shallow and intermediate water depths (kh ≤ 2.5), 
the wave transmission diminishes as the structural draft 
increases (d/h). However, in deep-water regions, it becomes 
invalid. In shallow or intermediate water, the wave transmis‐
sion reduces as structural draft increases because a large per‐
centage of the wave energy is intercepted by the structure. 
Similarly, energy damping increases at high d/h at shallow 
and intermediate water depths, as indicated by the variation 
in Kd (Figure 16(b)). However, frequent waves create wave 
entrapment inside the structural periphery, and increased 
structural depth results in reduced dissipation. Wave energy 
dissipation often increases with structural depth at shallow 
and intermediate water depths because of wave breaking 
and seabed friction. This relationship can be changed by 

wave entrapment in Π-shaped breakwaters. Standing waves 
and resonance are produced by wave entrapment, which 
tends to limit energy dissipation, particularly as structural 
depth increases.

Figures 17(a) and 17(b) show the variation in Kr, K t, 
and Kd as a function of dimensionless wave number kh for 
different relative widths (0.25 ≤ B/h ≤  2) for the Π -type 
breakwater. High Kr (Figure 17(a)) values imply that the 
Π -type breakwater with a high B/h reflects more wave 
energy in intermediate water depth (kh ≥ 0.5), and the effect 
is negligible at shallow water depths (kh ≤ 0.5).

In shallow water depth, the relative width impact is min‐
imal because of bottom friction and primarily horizontal 
motion. By contrast, at an intermediate water depth, the 
increased reflection at a large relative width is caused by 
enhanced chamber resonance and vertical particle motion. 
Wave energy is transmitted through the breakwater for a 
small width in shallow water, but it is insignificant in inter‐
mediate water depth. More wave energy is transmitted 
through narrow breakwaters in shallow water because of 
concentrated bottom effects and enhanced wave–structure 

Figure 15　Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh changing porosity 
and friction coefficient when d/h = 0.2 and B/h = 2 in Π -type 
breakwater

Figure 16　 Variation of reflection, transmission and dissipation 
coefficient versus nondimensional wave number kh changing d/h in 
the case of a Π-type breakwater
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interaction. In intermediate water, the effect is minimal 
because of uniform energy distribution throughout the water 
column. The effect is negligible in shallow water, but as 
shown in Figure 17(b), Kd increases with decreasing breadth 
at intermediate water depth. The width of the breakwater 
has less effect in shallow water depth because bottom fric‐
tion is the main factor influencing wave energy dissipa‐
tion. Seabed friction dissipates wave energy, which attenu‐
ates waves. As the breakwater width in intermediate water 
decreases, energy dissipation increases, and as a result, the 
effects of B/h on energy dissipation vary with water depth.

4.2.7 H-shaped breakwater
Figures 18(a) and 18(b) illustrate variations in Kr, K t, 

and Kd values as functions of dimensionless wave parame‐
ter kh for different levels of porosity (0.1 ≤ ε1 ≤ 0.7) and 
friction factors (0.6 ≤ f1 ≤ 1.5) for the H-type breakwater. 
Given that the flange part is less exposed to wave interaction 
than webs, its properties remain constant. At low porosity, Kr 
(Figure 18(a)) changes suddenly. Conversely, it undergoes 
a transition similar to that observed in other configurations 
at high porosity.

As observed in Figure 18(a), a sharp decline and increase 
in Kr are observed for the intermediate-water region (kh ≥
0.5). A small quantity of water accumulates above the 
flange and between the webs, reflects waves, and improves 
wave transmission at a low wave frequency range (0.0 ≤
kh ≤ 1.0). However, Figure 18(a) shows that the trends in 
Kr and K t in high water depth do not significantly vary 
and diminish to zero. The Kd value (Figure 18(b)) exhib‐
its a trend similar to that observed in Kr. At a shallow water 
depth, energy dissipation increases with decreasing porosity. 
The tendency is reversed in the intermediate wave region, 
where porosity is inversely proportional to the high-fre‐
quency and short-wave regime. High porosity allows effi‐
cient internal turbulence and wave-breaking processes for 
energy dissipation at intermediate depths. By contrast, low 
porosity in shallow water promotes flow restriction and 
friction-based dissipation.

Figures 19(a) and 19(b) present the Kr, K t, and Kd values 
as functions of dimensionless number kh at different rela‐
tive water depths (0.1 ≤ d/h ≤ 0.5) in the H-type floating 
breakwater. As observed in Figure 19(a), the oscillatory 

Figure 17　 Variation of reflection, transmission and dissipation 
coefficient versus nondimensional wave number kh for changing B/h 
in the case of Π-type breakwater

Figure 18　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh for changing 
porosity and friction coefficient when d/h = 0.2 and B/h = 2 in the 
H-type breakwater
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tendency of Kr is large for small values in the intermediate 
water depth (kh ≥ 0.5) and then decreases sharply, particu‐
larly in the deep-water region (kh ≥ 2.5). In the short-wave 
regime, waves tend to pass through the H-type breakwater 
with low wave frequencies, and as frequency rises, the sea‐
side web of the H-shaped breakwater serves as a barrier 
that reflects wave energy. Variations in K t (Figure 19(a)) 
demonstrate that the change in transmission coefficient is 
inversely proportional to d/h. Given that short waves travel 
over the H-type breakwater readily at high kh, the wave 
transmission usually increases with the kh value. As the deep 
H-type breakwater blocks wave energy and directs it toward 
reflection or dissipation, the transmission falls for high d/h. 
Wave-structure interaction is optimal at moderate kh values, 
where dissipation peaks, as shown in Figure 19(b). Energy 
loss is probably caused by the H-type design by processes, 
such as viscous damping, wave breaking, or turbulence. 
Increased d/h improves Kd (Figure 19(b)) at intermediate 
depth kh because the submerged structure more efficiently 
breaks up wave motion. However, interactions between short 
waves and the structure decrease at an extremely high kh, 
and thus wave dissipation diminishes.

Figures 20(a) and 20(b) show variations in the Kr, K t, 

and Kd values as functions of dimensionless wave number 
kh for different relative widths (0.25 ≤ B/h ≤ 2) for an 
H-type floating porous breakwater. The H-type breakwater 
with high B/h values is observed to reflect wave energy in 
intermediate water depth (kh ≥ 0.5), whereas the effect is 
lower in shallow water depth. Owing to bottom friction 
and mostly horizontal motion, the effect of the change in 
the relative width of the flange in the H-shaped structure is 
negligible in a shallow water depth. Chamber resonance 
and vertical particle motion at an intermediate water depth 
result in increased reflection for a large relative width. 
Large K t (Figure 20(a)) values indicate that wave energy is 
transmitted over the breakwater for a small width in shal‐
low water but is negligible at an intermediate water depth. 
In shallow water depth (kh ≤ 0.5), concentrated bottom 
effects and improved wave-structure interaction facilitate 
the flow of wave energy through narrow breakwaters. The 
effect is less pronounced at an intermediate water depth. 
However, energy is distributed more evenly across the water 
column. At a shallow water depth, the effect is minimal, 
but at intermediate water depth (kh ≥ 0.5), Kd increases 
with decreasing B/h and can dissipate up to 100% of wave 
energy. The relative width of the breakwater has less effect 

Figure 20　 Variation of reflection, transmission and dissipation 
coefficient versus non-dimensional wave number kh for changing 
B/h in the case of H-type breakwater

Figure 19　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh for changing d/h 
in the H-type breakwater
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in shallow water because bottom friction is the key factor 
determining wave energy dissipation. Waves are attenuated 
by the dissipation of wave energy caused by seabed fric‐
tion. Energy dissipation increases in intermediate water as 
breakwater width decreases. Consequently, the impact on 
energy dissipation varies with water depth.

4.2.8 I-type breakwater
Figures 21(a) and 21(b) depict variations in Kr, K t, and 

Kd as functions of dimensionless wave parameter kh for 
different levels of porosity (0.1 ≤ ε1 ≤ 0.7) and friction 
factors (0.6 ≤ f1 ≤ 1.5) for an I-shaped breakwater. The web 
portion has less wave interaction than the flange and has a 
constant porosity and friction factor. When structural gaps 
that occupy water mass are considered, the I-type structure 
increases wave transmission when kh ≤ 1.5 while decreas‐
ing wave reflection. When combined with a less porous 
structure, the water mass produces greater wave transmission 
and less wave reflection, which considerably lowers reflec‐
tion and enhances transmission, as observed in Figure 21(a). 
The configurational effect, which traps the water inside the 
body and amplifies the wave, may cause the phenomenon 
at a low porosity range. This effect reduces wave reflection, 

transmission, and dissipation in the long-wave regime. As 
the surface waves become magnified and unable to trans‐
fer within vacant spaces, K t achieves minimal values for 
structures with high porosity and low friction factor. More 
energy is lost during wave interaction for the structure with a 
greater porous structure in Figure 21(b), and less energy is 
observed at a low wave frequency (kh ≤ 1.0). Porosity and 
friction must be balanced for the breakwater to be effective. 
High friction promotes dissipation, whereas low porosity 
reduces transmission but increases wave reflection. The 
need to adjust breakwater specifications to certain wave 
climates is highlighted by the fact that the ideal design 
changes with wave conditions.

Figures 22(a) and 22(b) present variations in Kr, K t, and 
Kd as functions of nondimensional wave number kh for dif‐
ferent values of relative water depth when 0.1 ≤ d/h ≤ 0.5 
in the I-type breakwater. The oscillatory tendency in Kr 
(Figure 22(a)) is high at low d/h values in the intermediate 
water depth (kh ≥ 0.5) and follows a reverse trend toward 
deep-water regions (kh ≥ 2.0). In deep-water regions, the 
exponential decay of wave motion makes high relative drafts 
effective at wave reflection, lowering oscillations. At an 
intermediate water depth, the oscillatory tendency is high for 

Figure 21　Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh for changing 
porosity and friction coefficient when d/h = 0.2 and B/h = 2 in the 
I-type breakwater

Figure 22　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh for changing d/h 
in the I-type breakwater
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low relative drafts because of strong vortex shedding and 
wave reflections. In the short-wave regime, waves tend to 
pass through structures with low wave frequencies. As fre‐
quency increases, the seaside web of the I-shaped structure 
becomes a barrier that reflects the wave. Variations in K t is 
inversely proportional to d/h. When the I-shaped structure is 
increased by five times the draft in shallow water (kh ≤ 0.5), 
wave transmission can be reduced by up to 50%. As the 
shorter waves travel over the structure more readily at a 
high kh, the wave transmission usually increases with water 
depth. At intermediate water depths, Kd (Figure 22(b)) peaks 
are optimal for wave-structure interaction. Owing to the ellip‐
tical orbital motion and increased particle-structure interac‐
tion, dissipation is enhanced in intermediate seas. Owing to 
the increased wetted surface area in the I-shaped configu‐
ration and increased violent vortex production, high draft 
results in increased dissipation.

Figures 23(a) and 23(b) show variations in Kr, K t, and 
Kd as functions of dimensionless wave number kh for dif‐
ferent relative widths (0.25 ≤ B/h ≤  2) for the I-type float‐
ing breakwater. Figure 23(a) displays large reflection Kr, 
particularly at low kh in shallow water, and reduced trans‐
mission K t because wave energy is blocked by the struc‐
ture. Increased transmission and decreased reflection are 
observed, especially at high kh in deep water. Long waves 
with low kh are represented by high Kr and low K t, and 
waves are reflected by large structures. At a high kh, K t 
(Figure 23(a)) increases, whereasKr declines, indicating that 
short waves can more readily pass through narrow struc‐
tures. A large Kd (Figure 23(b)) over a large kh range is 
due to the extended interaction of waves with porous mate‐
rials. The maximum wave dissipation is observed at a mod‐
erate kh because of the balance between friction and wave 
penetration. Dissipation peaks are sharp but have a short 
interaction duration with the structure. The Kd value 
(Figure 23(b)) peaks in the middle kh as the energy loss is 
optimal wave-structure interaction. At an extremely high 
kh,the wave dissipation falls at extremely low or high kh 
values. An efficient I-type breakwater is formed by wide 
structures (B/h = 2.0), which efficiently reflect long waves 
in shallow water (kh ≤ 1.0). For instance, large B/h values 
are frequently used in coastal breakwaters that are intended 
to reflect waves. More wave energy can pass through narrow 
structures, that is, B/h = 2.0, particularly for short waves 
(kh ≥ 2.0). This phenomenon is applicable to permeable 
breakwaters in ports where it is permissible for waves to 
partially pass through. The maximum energy loss Kd occurs 
when waves interact with the porous structure for a suffi‐
cient amount of time to create friction and turbulence.

4.2.9 Comparative study of hydrodynamic and wave force 
coefficients

In Figures 24(a) – 24(c), the comparative study for the 
wave reflection, transmission, and dissipation coefficient is 
analyzed for different configurations of the floating break‐

water. The rectangular porous breakwater has a substantially 
lower reflection coefficient in the long-wave regime than 
other layouts, as shown in Figure 24(a). The rectangular 
structure reflects less than 5% of the incident wave energy, 
but other structures have large wave reflection coefficients 
(86%–93%). Notably, at low frequencies, the ⊥-type struc‐
ture shows the highest reflection (48.6%) and then main‐
tains a comparatively consistent reflection level. The H-type 
structure shows the least amount of reflection (3.8%) at low 
frequencies but progressively increases to 66.3% at high 
frequencies. The I-type structure has the lowest reflected 
wave energy (39.5%) in the short-wave region. In deep-
water regions, the H-type structure is the most effective 
configuration, given the reflective nature of waves. Other 
breakwater configurations lie in the range of 50% – 60%, 
where the highest reflected wave attained by the H-type 
breakwater is 66%, and the lowest is 41% for the I-type 
structure. The comparison for transmission coefficients 
(Figure 24(b)) shows that the rectangular structure has the 
highest wave transmission of 98.6% in the long-wave regime, 
whereas the ⊥-type structure has the lowest transmission 
coefficient. Except for the rectangular structures, all struc‐
tures exhibit an oscillatory transmission trend that peaks at 

Figure 23　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh changing B/h in 
the I-type breakwater
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a certain frequency before the minima. All structures show 
minimal wave transmission at high frequencies. The energy 
dissipation coefficient (Figure 24(c)) for the rectangular 
floating breakwater dissipates the least energy of 15.6% in 
the long-wave regime, whereas the Π-type breakwater dis‐
sipates the largest energy of approximately 45.6%. The oppo‐
site pattern is observed in the short-wave regime when the 
I-type structure dissipates the most energy around 99%. 
Similar performance characteristics are indicated by the 

convergence of the reflection, transmission, and dissipa‐
tion coefficient trends for rectangular floating breakwater 
as the frequency rises. In conclusion, the ⊥-type structure 
performs better in shallow water depths because of its low 
transmission and reflection coefficients. In deep-water 
regions, the H-type structure shows the lowest wave dissi‐
pation and high wave reflection. The comparative study of 
Kr, K t, and Kd for different configurations of floating break‐
water is presented in Table 5.

The horizontal wave force coefficient variation on the 
seaside KFS and leeside KFL of different configurations of 
the floating breakwater as a function of the dimensionless 
wave number kh is shown in Figures 25(a) and 25(b). The 

Table 5　Kr, Kt, and Kd for kh = 0.5,  ε1 = 0.2, f1 = 1.2, d/h = 0.2 
and B/h = 1

S. No

1.
2.
3.
4.
5.
6.

Type of breakwater

Rectangular
T-shaped
⊥-shaped
Π-shaped
H-shaped
I-shaped

Kr

0.259 629
0.169 979
0.486 897
0.108 551
0.038 241
0.098 511

Kt

0.299 236
0.258 277
0.198 888
0.268 950
0.291 280
0.269 754

Kd

0.918 178
0.950 999
0.850 514
0.957 017
0.955 873
0.957 877

Figure 24　 Variations in reflection, transmission, and dissipation 
coefficient versus nondimensional wave number kh for ε1 = 0.2, f1 =
1.2, d/h = 0.2and B/h = 1

Figure 25　Variation in wave force on the seaside and leeside of 
breakwater versus nondimensional wave number kh for ε1 = 0.2, 
f1 = 1.2, d/h = 0.2 and B/h = 2
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seaside experiences forces that are noticeably higher than 
those experienced by the back face of the breakwater. Owing 
to the vast frontal area of the breakwater, the H-type struc‐
ture faces the highest seaside force among the other break‐
water designs. Owing to its small frontal area, the ⊥-type 
structure receives the lowest front face wave force. Particu‐
larly in shallow water depths, the ⊥-type structure shows 
little change in wave-induced force on both faces. The rect‐
angular structure exhibits negligible differences in forces on 
the seaside and leeside, likely because of the uniform cross-
sections facilitating relatively undisturbed wave flow.

5 Conclusions

The current study presents the wave hydrodynamic per‐
formance and energy dissipation characteristics of pile-
restrained structures composed of various porosities of dif‐
ferent structural and physical configurations. These models 
are numerically analyzed by the MDBEM approach based on 
small amplitude wave theory. The different configurations 
modeled for analysis of floating breakwater are rectangu‐
lar structure, T- , ⊥- , Π - , H- , and I-type pile-restrained 
structure. The MDBEM is employed for each case, and 
boundary conditions are applied for the rigid horizontal 
seabed, free water surface, incident, and transmission region. 
The edge conditions for fluid–structure and structure–struc‐
ture interfaces are applied to achieve wave interaction inside 
and outside the boundaries of the proposed structure. Fur‐
thermore, the convergence study of the numerical model is 
performed for rectangular structures, and the results are 
validated with those in the literature. The hydrodynamic 
performance of an experimental model run in the wave flume 
is compared with the numerical results obtained using the 
H-shaped model. The hydrodynamic and dissipation coef‐
ficients are analyzed for each structure and compared with 
other structures to scrutinize their efficiency. The wave force 
coefficients encountered by the structures are also com‐
pared in different sections. The salient conclusions of the 
present study are as follows:

1) The transmission coefficient is higher, and the reflec‐
tion coefficient is lower in the rectangular porous breakwa‐
ter than in the other configurations. The increment in rela‐
tive depth d/h causes a considerable decrement in K t val‐
ues irrespective of the structure type.

2) In the rectangular, Π- , H-, and I-type structures, the 
impact of varying relative depth d/h on Kd is directly pro‐
portional, whereas for T- and ⊥-type structures, the effect 
is the opposite.

3) The transmission coefficient decreases as relative width 
values increase for T-, ⊥-, and H-type structures. For I-type 
structures, the reverse is observed for the transmission 
coefficient. The shallow water conditions do not consider‐
ably vary among configuration variants.

4) The H-type structure is the most efficient configura‐
tion in the deep water in terms of reflecting maximum 
wave. The highest reflected wave achieved by an H-type 
breakwater is 66%, and the lowest by the I-type structure 
is 41%, whereas other configurations of breakwater fall in 
the range of 50%–60%.

5) The highest reflection (52%) is obtained by the ⊥-type 
structure, whereas reflection is less than 27% for other struc‐
tures. The ⊥-type structure yields the lowest value of 27.5% 
for the transmission coefficient, whereas other configura‐
tions yield values within 34%–44%.

6) The energy dissipated by ⊥-type structure is at least 
81%, and for other types of structures, the value is higher 
than 87%. The H-type structure is efficient, with the high‐
est wave reflection of 71.4% and the lowest dissipation of 
70% in deep-water regions.

7) H- and Π-type structures show similar kinds of oscil‐
latory trends for changing the relative depth and relative 
width of the structure. The transmission coefficient is almost 
zero when the deep-water region is considered.

8) The highest horizontal force coefficient on the front 
face and back face of the structure is observed in the H-type, 
and lowest for ⊥-type structures during the transition from 
shallow-water regions to deep-water regions.

The present analysis emphasizes the importance of the 
⊥- and H-type breakwaters in maintaining tranquil regions 
on the leeward side. The H-type breakwater effectively 
attenuates waves in the deeper offshore environment, and 
the ⊥-type offers improved stability and reduced wave forces 
in shallow water. Notably, floating breakwaters are suitable 
for shallow water, but cost-effectiveness may be more pro‐
nounced in deep regions, suggesting a need for future cost 
estimations in such environments. In addition, the numeri‐
cal simulations performed using BEM in the present study 
can be expanded to analyze the performance of breakwa‐
ters in the presence of irregular waves and oblique wave 
incidence to explore the practical applications of the break‐
water model.
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