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Abstract
This study evaluates the physical mechanisms of incident waves as they interact with a porous wavy barrier of finite thickness. A wave-trapping 
chamber is formed between the thick wavy barrier (TWB) and partially reflecting seawall (PRS). The effect of seabed undulations is incorporated 
into the wave-trapping analysis of the TWB. The boundary value problem proposed in this study is solved using a multidomain boundary element 
method within the context of linear potential flow theory. Coefficients such as reflection, runup, horizontal force on PRS, and vertical force on 
TWB are examined for various structural configurations. The position of seabed undulations is analyzed for four scenarios: i) seabed undulations 
upwave of the wavy barrier with a trapping chamber, ii) seabed undulations upwave of the wavy barrier without a trapping chamber, iii) seabed 
undulations underneath the wavy barrier with a trapping chamber, and iv) seabed undulations beneath the wavy barrier without a trapping chamber. 
The study results are compared with known results to verify their accuracy. The effects of PRS, TWB porosity, trapping chamber, plate thickness, 
seabed type, and submergence depth on hydrodynamic coefficients are analyzed against relative water depth. The study reveals that the 
introduction of a porous TWB with a trapping chamber results in minimal hydrodynamic coefficients (reduced reflection and force on a wall) 
compared to a rigid TWB without a trapping chamber. A comparison of various seabeds is reported for all combinations of TWB with a chamber. 
The sloping seabed upwave of the barrier with a trapping chamber, 20% plate porosity, and 50% wall reflection at an appropriate submergence 
depth could replace gravity-type breakwaters in deeper waters. This study holds great potential for analyzing wave trapping coefficients by TWB to 
provide an effective coastal protection system.
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1  Introduction

Various wave energy absorbers, such as rubble-mound 
structures (Sollitt and Cross, 1972), pile-rock breakwaters 

(Nguyen et al., 2022), floating docks (Vijay et al., 2021), 
T-type (Neelamani and Rajendran, 2002), H-type (Nishad 
et al., 2021), multilayered thick or thin vertical porous 
structures (Venkateswarlu and Karmakar, 2020), and hori‐
zontal and inclined porous plates (Cho and Kim, 2008), 
have been recommended by several researchers to mini‐
mize wave action near the shoreline. Rubble mounds offer 
several advantages for shoreline stabilization against wave 
action but also have some notable disadvantages. These fully 
extended structures (seabed to the free surface) partially 
obstruct free water circulation and sediment transport, inter‐
rupt fish migration, and restrict various developmental and 
tourism activities. Similarly, submerged rubble-mound break‐
waters are more effective than fully extended breakwaters, 
but they concentrate most of the wave energy near the mean 
free surface. Thus, coastal countries have introduced inclined 
or horizontal floating thin plates to create a tranquil wave cli‐
mate. However, floating thin plates offer temporary protec‐
tion against incident waves with moderate to minimal wave‐
lengths. Therefore, coastal communities urgently require 
structures with enhanced hydrodynamic performance and 
minimal negative environmental impact. In the preliminary 
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stage, porous plates of finite thickness were introduced to 
address incident wave action (Liu et al., 2012). To further 
enhance the hydrodynamic performance of thick porous 
plates, sinusoidal ripples were introduced in the second 
stage. The wave reflection performance of thick wavy 
plates is effective compared to horizontally thick plates, 
while the performance of horizontally thick plates is notable 
compared to thin plates. However, seabed changes are fre‐
quently observed in several coastal regions (Kaligatla et al., 
2018; Tabssum and Ramakrishnan, 2024). Thus, this study 
considers the effect of seabed undulations on the wave trap‐
ping analysis of thick wavy plates. The effects of seabed 
undulations i) upwave and ii) underneath thick wavy plates 
on wave trapping and force coefficients are analyzed using 
the multidomain boundary element method (MBEM).

The hydrodynamic performance of horizontal plates was 
first analyzed by Heins (1950) for intermediate waves. Sub‐
sequently, various researchers reported their opinions on the 
performance evaluation of horizontal plates when submerged 
in an infinite depth (Greene and Heins, 1953; Burke, 1964; 
Leppington, 1972). Siew and Hurley (1977) proposed a 
mathematical model to analyze wave scattering by hori‐
zontal plates for long waves. Their study presented the varia‐
tion in wave reflection against the relative wavenumber. The 
variation in energy flux around horizontal plate breakwa‐
ters was examined by Patarapanich (1984) for deeply sub‐
merged conditions. The magnitude of the oscillatory or slosh‐
ing peaks may be reduced when the rigid plate is replaced 
with the porous plate (Choudhary and Martha, 2023). The 
reflected wave energy by the thick plate again interacts with 
the incoming wave energy (Patarapanich and Cheong, 1989), 
and the resultant wave field in the seaside region is a super‐
position of multiple waves. Hence, the ultimate wave reflec‐
tion by the thick plate results from the phase difference. The 
reflection is maximum when all the waves follow the same 
phase and minimal or almost zero when they are in the oppo‐
site phase (Patarapanich, 1984), owing to the formation of 
standing waves.

Several analytical, numerical, and experimental studies 
(Davies, 1982; Mondal et al., 2017; Venkateswarlu and 
Karmakar, 2020; Varghese et al., 2024; Vishwakarma and 
Karmakar, 2024) have incorporated the effect of seabed 
undulations on wave scattering and trapping. From a field 
perspective, seabed undulations are responsible for fluid 
resonance, which is observed in scattering, trapping, and 
force coefficients (Kaligatla et al., 2018). Seabed undula‐
tions enhance the efficiency of onshore and offshore wave 
energy converters (Rezanejad et al., 2015; Ning et al., 2016). 
Chwang (1983) introduced the porous wave-maker theory, 
which considers a vertical permeable wall against incident 
waves. Yu and Chwang (1994) investigated wave motion 
in the presence of a submerged porous plate, focusing on 
variations in wave reflection and transmission against inci‐
dent wave properties. Zero wave reflection and transmis‐

sion were observed because of the phase change of the 
incident wave after interacting with the submerged plate. 
To date, hydrodynamic studies have focused on fixed plates, 
and Yip and Chwang (1997) added the property of pitch‐
ing to submerged plates. The pitching plate comprises some 
initial motion, and the movement of the plate (up and down) 
either enhances wave reflection (sometimes more than unity) 
or reduces wave transmission (varying from 0 to 2). Rageh 
et al. (2009) experimentally examined the performance of 
partially submerged breakwaters with supporting piles. 
Behera et al. (2015) evaluated the performance of submerged 
flexible porous plates against incident waves. Zhang et al. 
(2018) discussed viscous flow in the presence of an inverted 
π-type breakwater under incident waves.

Furthermore, Cho and Kim (2000) evaluated the wave 
scattering performance of horizontal flexible plates using 
linear hydroelastic theory, applying the coupled MBEM 
and enhanced finite element method (EFEM) to the plate 
and outer regions, respectively. The study results were ver‐
ified through laboratory measurements, and membrane 
porosity demonstrated a considerable impact on dissipating 
incident wave energy. Yu (2002) provided a detailed review 
of horizontal plate breakwater and its various effects, such 
as plate length, porosity, inclination, width, submergence 
depth, plate vibration, fluid viscosity, current presence, 
wave irregularity, and nonlinearity, as well as the historical 
development of breakwater on wave scattering coefficients. 
Cho and Kim (2008) expanded on their previous study by 
incorporating the membrane’s inclination, with the mem‐
brane backed by a rigid wall. The study results were veri‐
fied with the independently measured values in the wave 
flume laboratory. Yueh et al. (2016) proposed single, double, 
and triple wavy plates of uniform amplitude and wavy plates 
of multiple ripples with nonuniform amplitudes as poten‐
tial wave decomposers using the dual boundary element 
method (DBEM). Dai et al. (2018) provided a review of 
research on the development of various types of floating 
breakwaters, including (a) box, (b) pontoon, (c) frame, (d) 
mat, (e) tethered float, and (f) horizontal plate, and their 
impact on incident wave scattering. Venkateswarlu et al. 
(2021) investigated the trapping of incident waves by a wavy 
plate with nonidentical ripples using the DBEM. The wavy 
plate was installed far from the partially reflecting inclined 
seawall, and the numerical study suggested that 20% plate 
porosity with 50% wall reflection to achieve the well-bal‐
anced trapping and force coefficients. Kumar et al. (2023) 
compared the wave scattering performance of bottom-stand‐
ing porous structures when integrated with horizontal thin 
plates of (a) zero porosity and (b) porosity with flexible 
properties. Fluid resonance occurs when the plate is nonpo‐
rous, and upon introducing porosity, the oscillatory scattering 
coefficients are minimized owing to improved wave damp‐
ing. Mohapatra and Sahoo (2023) examined surface gravity 
wave scattering by a composite wavy barrier in the pres‐
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ence of a floating dock using the MBEM. The composite 
wavy plate produced a nearly zero value of wave transmis‐
sion compared to the submerged horizontal plate and float‐
ing dock.

Thin breakwaters, such as thin-wall barriers and horizontal 
plate breakwaters, are suitable for providing temporary pro‐
tection against incident waves with moderate to minimal 
wavelengths (Evans and Peter, 2011; Koley et al., 2015). 
However, these structures are unsuitable for withstand‐
ing waves with higher wavelengths owing to their limited 
thickness. Thus, to improve the wave scattering and trapping 
capabilities of these thin-wall structures, researchers have 
introduced the plate thickness. Liu and Iskandarani (1991) 
investigated horizontal plates of finite thickness to define 
wave reflection and transmission using the EFEM, aiming 
to protect shelter regions from long, intermediate, and shorter 
waves. The performance of thick plates was particularly 
effective in controlling short waves. However, the authors 
observed harmonic resonance in the sheltered regions when 
the thick plate interacted with waves of high wavelengths. 
Liu et al. (2012) added the property of porosity for thick hor‐
izontal breakwaters, as discussed by Liu and Iskandarani 
(1991). The EFEM, which comprises symmetric (antisym‐
metric) parts, is incorporated to simplify the complex plate 
dispersion relation, and the study results are validated with 
independently developed MBEM results. Bautista et al. 
(2022) proposed a pair of submerged, floating, thick-plate 
breakwaters with wavy surfaces as a potential breakwater 
against incident waves. Wave scattering coefficients were 
reported using a mathematical model with patching bound‐
ary conditions. Wavy ripples are sinusoidal and designed 
to enhance fluid–particle interaction with the breakwater, 
leading to maximum wave reflection and minimal wave 
transmission. These structures would replace the gravity-type 
rubble-mound breakwaters owing to their improved per‐
formance. The magnitude of wave reflection by the twin-
plate breakwater system increases with the introduction of 
third-order wavy surfaces. Beyond this point, the magnitude 
of the wave reflection becomes minimal. From an application 
viewpoint, slender piles will be used to install the wavy 
structure at the proposed location.

This study examines the physical mechanism of wave 
trapping by a thick, wavy plate in the presence of a partially 
reflecting seawall (PRS). To the author’s knowledge, wave 
trapping analysis of a thick wavy barrier (TWB) installed 
over an undulated seabed and away from it is rarely reported. 
The wavy structure is slightly thicker than the conventional 
horizontal or vertical plates, which comprise mesh-type 
porous material. This study primarily aims to demonstrate 
the effectiveness of wavy surfaces in enhancing wave reflec‐
tion. The presentation is organized as follows: Section 1 
provides a general introduction and reviews the literature 
on vertical, horizontal, thin, and thick plates. Section 2 out‐
lines the mathematical formulation, and Section 3 presents 

the solution method used based on the MBEM. Section 4 
provides verification of the study’s numerical results and 
analyzes the effect of various properties of a thick wavy 
plate, including wall reflection, plate porosity, thickness, 
submergence depth, and chamber spacing, against the rela‐
tive water depth. This analysis is conducted for seabed 
undulations located i) upwave of the wavy barrier with a 
trapping chamber, ii) upwave of the wavy barrier without a 
trapping chamber, iii) underneath the wavy barrier with a 
trapping chamber, and iv) underneath the wavy barrier 
without a trapping chamber. Section 5 concludes the study 
outcomes for further research on the wave trapping analysis 
of thick plates of wavy surfaces.

2  Mathematical formulation

Incident wave trapping by a wavy barrier of finite thick‐
ness placed on an undulated seabed is examined under the 
assumption of linear potential flow theory. The thick plate 
comprises sinusoidal oscillations, and a finite trapping 
chamber is provided between the seawall and barrier. The 
property of partial reflection is incorporated to control waves 
of higher wavelengths. An oblique wave interacts with the 
TWB, and the y-axis is considered vertically positive upward, 
while the x and z axes are aligned along the horizontal 
directions in the three-dimensional Cartesian coordinate sys‐
tem. The origin is chosen at the mean free surface, as shown 
in Figures 1(a) and 1(b). Different structural configurations 
are evaluated, including seabed undulations: i) upwave of 
the wavy barrier with the trapping chamber, ii) seabed 
undulations upwave of the wavy barrier without the trap‐
ping chamber, iii) seabed undulations underneath the wavy 
barrier with the trapping chamber, and iv) seabed undula‐
tions underneath the wavy barrier without the trapping 
chamber. The various seabed profiles analyzed in this study 
are reported in Figure 2. Some assumptions are made while 
analyzing the boundary value problem (BVP) involving 
the incident wave and TWB. The TWB is submerged at a 
fixed point using slender piles, and the effect of the slender 
piles on the trapping coefficients is neglected. Furthermore, 
the TWB porosity is identical.

The study considers that the fluid is incompressible and 
inviscid and that the motion is irrotational and simple har‐
monic in time with angular frequency ω. Hence, a velocity 
potential Φ ( x, y, z, t ) exists in the form Φ ( x, y, z, t ) =

Re{ }ϕ ( x, y )e− i ( )lz − ωt  , where l = k0sinθ is the wavenumber 

component in the z-direction, k0 represents wavenumber in 
the y-direction, θ denotes the angle of wave contact with 
breakwater, and Re represents the real part of the spatial 
complex potential ϕ ( x, y, z ), which satisfies the Helmholtz 
equation:
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∂2ϕ

∂x2
+
∂2ϕ

∂y2
− l2ϕ = 0 (1)

The free surface boundary condition in the linearized form 
is given by:

∂ϕ
∂y −

ω2

g
ϕ = 0,  on  y = 0, −∞< x < ( B + L ) (2)

The zero-velocity condition along the seabed in the pres‐

ence of a sloping seabed is given by:

∂ϕ
∂n = 0, −∞< x < ∞  and  y =  −h (3)

The condition of a PRS (Isaacson and Qu, 1990; Zhao 
et al., 2016; Appandairaj et al., 2024), which includes the 
seawall reflection property, is given by:

∂ϕ
∂y = ik0( 1 − CR

1 + CR )ϕ (4)

where k0 is the incident wavenumber in y-direction and CR 
represents the wave reflection property of the seawall, 
which varies within 0 ≤ CR ≤ 1. The CR = 0 indicates that 
the wall is transparent to incident waves and CR = 1 implies 
that the wall reflects the total wave energy approached 
after TWB.

The horizontal plate has a finite thickness, so the fluid 
flow through the plate follows Darcy’s law of motion. The 

Figure 1　Wavy plate of finite thickness placed

Figure 2　Various types of seabed undulations examined in this study
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velocity and pressure continuity across the plate in the ver‐
tical direction are given by Sollitt and Cross (1972):

∂ϕ−
∂n =  −μ ∂ϕ+

∂x   and  ϕ− = (m + if )ϕ+ (5)

where superscripts − and + demonstrate flow between the 
open water and TWB in the vertical and horizontal direc‐
tions, respectively; (m + if ) represents the impedance of 

the porous medium, with m and f being the inertia and fric‐
tion factors associated with the porous medium, respectively; 

i = −1 is the imaginary term; and μ represents the TWB 
porosity, which varies from 0 to 1. The inertia offered by 
the TWB is given by:

m = 1 + Am

é

ë
êêêê

1 − μ
μ

ù

û
úúúú (6)

where Am denotes the added mass coefficient and is negli‐
gible as the plate is fixed at a particular point. After substi‐
tuting Am = 0, the inertia coefficient approaches unity and 
is kept fixed throughout the study (Dalrymple et al., 1991; 
Vijay et al., 2020). The friction by the TWB is identified 
using the following relation (Pérez-Romero et al., 2009):

f = fc(Dk0 )−0.57
(7)

where fc is a constant that varies within the range of 0.21 ≤
fc ≤ 0.46, and the near mid-value fc = 0.31 is considered 
and kept fixed throughout the study. D represents the char‐
acteristic pore diameter and k0 is the wavenumber, which 
satisfies the dispersion relation ω2 = gk0 tanh (k0h).

The property of sinusoidal ripples (sine curve) for a wavy 
barrier is expressed as:

P ( x) =  −a + rasin
πd
B ( x +

B
2 ) , for − B 2 ≤ x ≤ B 2 (8)

Various seabed profiles (Behera and Ghosh, 2019; Pan‐
duranga et al., 2023) are examined to evaluate the perfor‐
mance of TWB using the following relation:

h ( x) = h − b{ }1 − α ( )1 − x S
2

+ ( )α − 1 ( )1 − x S (9)

where b = (h − h1 ), h ( x) is seabed function, and α repre‐
sents the various kinds of seabed profiles, as discussed in 
Figure 2.

The velocity potentials in the seaward and leeward 
unbounded outer regions are given by:

ϕ =
igH
2ω

[ ]eik0x ( x + L )Y0 ( y ) + R0e− ik0x ( x + L )Y0 ( y ) , x ≤  −M

(10)

where M is assumed to maintain a sufficiently large distance 
with the breakwater (M ≥ 5h), and R0 represents the ampli‐
tude of the reflected wave. The vertical eigenfunction Y0 ( y ) 
in Eq. (10) is expressed as follows:

Y0( y) =
cosh ( )k0( )y − h

cosh ( )k0h
(11)

The effect of evanescent wave modes on the hydrody‐
namic coefficients is neglected as the TWB is positioned 
at a sufficiently large distance from the shoreline and fixed 
at (M ≥ 5h), following the recommendations of Mackay and 
Johanning (2020). Moreover, the pressure and velocity are 
assumed to be continuous on fictitious boundaries. Mul‐
tiplying both sides of Eq. (10) by Y0 ( y ) and integrating 
from −h to 0 yields the following:

R0 =
2iω

gHN 2
0

é
ë
êêêê

ù
û
úúúú∫−h

0

ϕY0 ( y )dy − 1 (12)

where N 2
0 = ∫

0

h

Y 2
0 ( y )dy. The leeside of the breakwater is 

occupied by a PRS, causing the transmitted wave energy 
from the sinusoidal barrier to interact with the seawall. 
The seawall then reflects the energy toward the seaside, 
resulting in wave reflection in the presence of the back wall 
with the breakwater. The reflection coefficient KR is a mea‐
sure of reflected wave height to incident wave height and is 
given by:

KR = | R0 | (13)

3  Numerical solution using MBEM

This study explores water wave trapping by a TWB over 
an undulating seabed with nonrectilinear boundaries. Thus, 
the use of analytical or semianalytical methods involves 
several higher-order relations, making it cumbersome to 
identify the coefficients. Therefore, MBEM is adopted to 
solve the BVP, simplifying the solution method for various 
nonrectilinear boundaries. Figure 3 shows the computational 
domain, where the fundamental solution and Green’s second 
identity serve as the foundation of the MBEM. Mathemati‐
cally, this is expressed as follows:

β  j( )p ϕ j( )p = ∫
Γ j(ϕ j( )q

∂G  j( )q, p

∂n j
− G  j( )q, p

∂ϕ j( )q

∂n j )dΓj( )q

(14)

where j = 1, 2 are the computational domains under con‐
sideration.
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The free-term coefficient β  j( p) is defined by:

β  j( p) =

ì

í

î

ï
ïï
ï

ï
ïï
ï

1, if  p ∈ Ω
1
2

, if  p ∈ Γ (smooth )

0, if  p ∉ Ω + Γ

(15)

where Ω represents the computational domain, whereas Γ 
denotes the boundary of the computational domain. The 
fundamental solution G  j (also known as free-space Green’s 

function) and its normal derivative 
∂G  j

∂n j
, corresponding to 

the modified Helmholtz equation in two dimensions, are 
enforced by:

G  j =  − 1
2π

K0(lr ) , 
∂G  j

∂n j
=

l
2π

K1(lr ) ∂r∂n (16)

where K0 and K1 are the modified Bessel function of the 
second kind of zeroth order and first-order, respectively, 

and r = | q − p | = ( x − x0 )2 + ( y − y0 )2  is the distance 

between the field point q = ( x, y ) and the source point 
p = ( x0, y0 ).

Obtaining an analytical solution to Eq. (14) is generally 
impractical for problems involving irregular geometry and 
complex boundary conditions. In such cases, a numerical 
approximation of the computational domain’s boundary is 
necessary. Therefore, the entire boundary is discretized into 
N j constant elements. We assume that the velocity potential 
and its normal derivate (flux) are constant over each element. 
Applying the discretized form of Eq. (14) at the midpoint 
of each element and using Eqs. (2)–(11) yields a system of 
linear algebraic equations:

∑
q = 1

N j ∂ϕ  j
q( )q

∂n j

é

ë

ê
êê
ê
ê
ê∫
Γ  j

q

Gj
q( )q, p dΓ  j

q(q)
ù

û

ú
úú
ú
ú
ú

=

∑
q = 1

N j

ϕ  j
q (q )

é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
ú∫

Γ j
q

∂G  j
q( )q, p

∂n j
dΓ  j

q( )q − β  j
q ( p ) (17)

The superscripts illustrate the domain, and the subscripts 
signify the boundary element of the jth domain. We used 
the numerical Gaussian quadrature method to evaluate 
the boundary integrals (influence coefficients) in Eq. (16). 
For further details, refer to Vijay et al. (2021). Various 
unknown coefficients of engineering interest (wave scatter‐
ing and trapping coefficients) are computed after obtaining 
the unknown potentials. The time-independent nondimen‐
sional horizontal force on the barrier XW, vertical force 
coefficient on the wall YP, and wave runup coefficient KH 
are identified using the following relations:

Horizontal force on the wall XW =

|
|
|||||

|
|||| ∮ p ( )x, y nxdΓ

ρgHh
(18)

Vertical force on wavy plate YP =

|
|
|||||

|
|||| ∮ p ( )x, y nydΓ

ρgHh
(19)

Wave runup KH =
2 ||η
H

 or KH =
2 || iρωφ

gH
(20)

where p ( x, y) represents the hydrodynamic pressure given as

p ( x, y) = iρωφ (21)

4  Results and discussion

In this study, the trapping of incident waves by a TWB 
with PRS is reported in the presence of seabed undulations. 
Prior to the numerical analysis, the verification of the numeri‐
cal results is presented against the available results. Thereaf‐
ter, coefficients, including reflection, runup, horizontal force 
PRS, and vertical force on the TWB, are reported against rel‐
ative water depth.

4.1  Verification of the study results

Verifying predicted results is essential for further devel‐
oping the study outcomes and conclusions. Thus, the results 
are verified with readily available numerical and experi‐
mental data from renowned researchers. Liu et al. (2012) 
developed a semianalytical method to solve engineering 
quantities when a submerged horizontal thick barrier (HTB) 
is installed in water of finite depth.

Figure 4(a) shows the wave reflection KR and transmis‐
sion KT by the HTB in the absence of a seawall when 
B h = 1, D h = 0.1, f = 2, and μ = 0.45. The linear incre‐
ment of submergence depth drastically maximizes the KT, 
with KR being the least affected. Figure 4(b) demonstrates 
the KR by an HTB attached to a vertical seawall when 
a h = 0.1, D h = 0.1, f = 2 and μ = 0.45. In both cases, this 

Figure 3　Computational domain of the proposed physical problem
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study’s results parallel those reported by Liu et al. (2012) for 
wave scattering and trapping. Motivated by this, this study 
introduces wavy undulations for the proposed HTB to 
enhance the KR and reduce the wave runup coefficient. The 
wave reflection KR, wave runup KH, horizontal force on PRS 
XW, and vertical force on TWB YP by four structural config‐
urations—seabed undulations: 1) upwave of the TWB with a 
trapping chamber, 2) seabed undulations upwave of TWB 
without trapping chamber, 3) seabed undulations under‐
neath the TWB with a trapping chamber, and 4) seabed 
undulations underneath TWB without a trapping chamber—
are evaluated against the relative wave frequency k0h. Some 
physical properties of the TWB and seabed, such as the 
number of ripples in the TWB (five peaks and troughs, as 
shown in Figure 1), the undulation spacing length (S B = 1), 
and the wavy surface amplitude (0.4), remain unchanged 
throughout the evaluation to facilitate numerical analysis.

4.2  Sloping seabed upwave of the TWB

Seabed undulations are the most common coastal process 
resulting from dynamic wave action. Sand erosion and 
accretion cause seabed undulations, and most previous 
studies approximated these undulations as multiple rigid 
steps (Behera et al., 2015; Venkateswarlu and Karmakar, 

2020) to simplify mathematical formulations and solutions. 
In reality, the seabed is slopped, and this study examines a 
sloping seabed upwave of the thick wave plate placed far 
from the PRS.

4.2.1 Effect of wall porosity
The hydrodynamic performance of TWB with PRS is 

evaluated in the presence of an undulated seabed upwave 
of the barrier and an undulated seabed underneath the barrier. 
The back wall is partially reflective, meaning it reflects 
some wave energy while dissipating the rest. Technically, 
the PRS completely reflects wave energy when the property 
of CR approaches unity (CR = 1), and the wall is transpar‐
ent to incident waves when CR attains zero value (CR = 0). 
Figure 5 presents the KR, KH, XW, and YP versus k0h for 
various values of wall reflection when B h = 1, L h = 1, 
a h = 0.15, D h = 0.2, θ = 30o, α = 0, and μ = 0.2. The 
KR of the breakwater system aligns with the PRB reflec‐
tion property for the initial values of relative water depth. 
The KR pattern is oscillatory, consisting of multiple harmonic 
peaks and troughs. A linear decrease in KR is observed 
across all wall reflection combinations as the relative water 
depth increases, which results from the reduction in wave‐
length. A pair of zero minima in KR is observed at relative 
water depths of k0h = 1.6 and k0h = 3 for most of the input 
values of wall reflection CR. This is attributed to standing 
wave formation in the chamber region owing to multiple 
interactions between incident waves and trapped wave 
energy. The KR of the breakwater system is minimal when 
CR = 0.2.

The primary peak in the KH is observed near k0h = 0.5, 
disappearing as wall reflection reduces owing to increased 
wave damping. A linear reduction in KH is observed for all 
input values of wall reflection, with variations in wall reflec‐
tion evident for longer wavelength waves. The effect of wall 
reflection on trapping and force coefficients is minimal as 
the wavelength reduces. A monotonic decrease in XW is 
observed against the relative water depth for all wall reflec‐
tion combinations. This trend is evident at the starting val‐
ues of relative water depth, with XW predictions becoming 
nearly identical as k0h approaches k0h = 2. The vertical 
force on the barrier YP is highly oscillatory against the rela‐
tive water depth. A major peak for waves of higher wave‐
length and a minor peak for waves of moderate wave‐
length are observed across all wall reflection combina‐
tions. The predicted force on the barrier is maximum for 
higher wall reflection values and gradually decreases as 
wall reflection increases, owing to changes in wave damping.

4.2.2 Effect of chamber spacing
Figure 6 shows the KR, KH, XW, and YP versus k0h for 

various values of chamber spacing L h when B h = 1, a h =
0.15, CR = 1, D h = 0.1, θ = 30o, α = 0, and μ = 0.2. The 
chamber spacing L h = 0 indicates that the TWB is placed 
close to the PRS. The wave trapping and force coefficients 

Figure 4　Verification of this study’s numerical results with those 
reported by Liu et al. (2012)
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Figure 5　Effect of wall porosity on KR, KH, XW, and YP versus k0h 
when B h = 1, L h = 1, a h = 0.15, D h = 0.2, θ = 30o, α = 0, and 
μ = 0.2

Figure 6　Effect of chamber spacing on KR, KH, XW, and YP versus k0h 
when B h = 1, a h = 0.15, CR = 1, D h = 0.1, θ = 30o, α = 0, and 
μ = 0.2
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are reported when the wall reflection is full CR = 1. Thus, 
the full reflection KR = 1 is observed for starting values of 
relative water depth. A nonoscillatory, monotonic reduc‐
tion pattern of KR by the breakwater system is observed 
against the relative water depth k0h when the water cham‐
ber is absent. After introducing the trapping chamber, KR 
becomes slightly oscillatory, with the intensity of oscilla‐
tions increasing as the chamber spacing increases. Most 
previous studies have reported that the free chamber between 
the porous plate and back wall enhances fluid oscilla‐
tions, resulting in harmonic peaks and troughs. In most 
cases, zero minima are observed owing to standing waves, 
and a similar pattern of coefficients is obtained in this 
study. The estimation of KH is increased when the water 
chamber is absent owing to changes in wave damping, 
and as the chamber spacing increases, KH decreases in an 
oscillatory manner. The KH is almost zero when relative 
water depth approaches k0h = 2 owing to wave damping by 
the TWB. The KH is higher in the no-chamber case, resulting 
in a minimal fluid force on the wall. However, after intro‐
ducing the chamber, the wall force coefficient slightly 
increased owing to trapped wave energy. The force experi‐
enced by the TWB is minimal and attains a single peak 
when the chamber is absent. After introducing the cham‐
ber, the barrier experiences fluid force in an oscillatory man‐
ner, with an increase in the chamber spacing enhancing the 
oscillatory pattern in the form of harmonic peaks and 
troughs. However, the corresponding bandwidth decreases 
at higher spacing compared to lower spacing in the vertical 
force coefficient.

4.2.3 Effect of plate porosity
Figure 7 shows the KR, KH, XW, and YP versus k0h for 

various input values of TWB porosity μ when B h = 1, 
L h = 1, a h = 0.2, CR = 1, D h = 0.1, α = 0, and θ = 30o. 
The μ = 0 illustrates that the incident wave interacts with 
the impermeable TWB installed far from the rigid seawall. 
Full reflection is observed by the impermeable TWB 
when it is installed far from the rigid wall. After intro‐
ducing porosity, the wavy plate creates an oscillatory nature 
in the chamber owing to the chamber in the wave damping. 
A harmonic trough is observed for 10% porosity, which 
is the minimum compared to other input values of plate 
porosity. Similarly, the runup by the impermeable TWB is 
increased compared to other plate porosity combinations. 
The introduction of porosity minimizes KH for waves of 
moderate to lower wavelengths. However, the imperme‐
able TWB shows an oscillatory nature, with a global mini‐
mum of KH observed as k0h approaches k0h = 1.8. The pat‐
tern of XW is completely different when the impermeable 
TWB is installed. After introducing porosity, its effect 
on XW remains minimal for input values. The estimation of 
YP exceeds expectations when the impermeable TWB is 
installed owing to zero wave damping. After introducing 
porosity, a double-peak pattern appears in the vertical force 

Figure 7　Effect of plate porosity on KR, KH, XW, and YP versus 
k0h when B h = 1, L h = 1, a h = 0.2, CR = 1, D h = 0.1, α = 0, and 
θ = 30o
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coefficient. The primary and secondary peaks in YP are 
observed at k0h = 1 and k0h = 3, respectively, for all input 
values of wavy plate porosity. The estimation of force is 
higher for lower porosity and lower for higher porosity 
owing to wave-induced flow through the available pore 
spaces of the medium. This explains the higher and lower 
wave damping by permeable thick or thin breakwaters 
against incident waves.

4.2.4 Effect of plate thickness
Figure 8 displays the KR, KH, XW, and YP versus k0h for 

various input values of TWB thickness D h when B h = 1, 
L h = 2, a h = 0.1, CR = 1, μ = 0.2, α = 0, and θ = 30o. 
The magnitude of KR is higher when the plate thickness is 
minimal. However, as the plate thickness increases, the 
minimal KR—and occasionally global minima—is observed 
for waves with moderate to minimal wavelengths. The 
increase in plate thickness accelerates the oscillatory nature 
of trapping coefficients, possibly attributed to changes in 
wave damping. The runup also reduces as the plate thick‐
ness increases, and the plate thickness does not affect the 
trapping coefficient from D h = 0.15 to D h = 0.25. The 
wall experiences a maximum fluid force when the plate 
thickness is minimum, while the wavy barrier experiences 
a maximum fluid force when the plate thickness is maxi‐
mum. Thus, the study suggests a moderate plate thickness 
D h = 0.15 to achieve well-balanced trapping and force 
coefficients for further research and application of thick 
plates.

4.2.5 Effect of bottom undulation
Figure 9 shows the KR, KH, XW, and YP versus k0h for 

various seabed profiles α when B h = 3, L h = 2, a h = 0.2, 
D h = 0.2, θ = 30o, and μ = 0.2. Various kinds of seabed 
undulations, including sloppy (α = 0), protrusion type-A 
(α =1), protrusion type-B ( )α =2 , concave seabed ( )α =  −1 , 
and depression (α =  −2), are proposed, with their impact 
on the variation of wave trapping and force coefficients 
against relative water depth k0h evaluated. The trends of 
trapping and force coefficients are similar for all the pro‐
posed seabed configurations. However, the variation of coef‐
ficients at each peak and trough is notable, and thus zoomed 
views are provided. The sloppy seabed performs minimal 
variation at each peak compared to all other seabed pro‐
files in the reflection coefficients. Very minimal variation 
is observed in the KH, XW, and the vertical force of the 
TWB owing to changes in seabed profiles.

4.3  Effect of wall porosity in the absence of a 
chamber

4.3.1 Effect of wall reflection
In general, trapping chambers cause fluid oscillations 

inside the chamber as the trapped wave energy available 
between the permeable and nonpermeable walls tends to 

Figure 8　Effect of plate thickness on KR, KH, XW, and YP versus k0h 
when B h = 1, L h = 2, a h = 0.15, CR = 1, μ = 0.2, α = 0, and θ = 30o
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oscillate owing to the back-and-forth motion of the incident 
waves. Thus, this study attempted to evaluate the effect of 
wall reflection on variations in wave trapping and force 
coefficients. Figure 10 illustrates the KR, KH, XW, and YP 
versus k0h for various input values of wall reflection CR 
when B h = 1, L h = 0, a h = 0.15, CR = 1, D h = 0.1, 
θ = 30o, α = 0, and μ = 0.2. The effect of wall reflection 
on trapping and force coefficients is reported as a function 
of relative water depth. The KR by breakwater is slightly 
oscillatory, with the magnitude of oscillations being mini‐
mal for the breakwater without a chamber compared to the 
breakwater with a water chamber. A decreasing pattern is 
observed in the KR for all the combinations of wall reflec‐
tion, and the estimation of KR is high when the wall reflec‐
tion is high. A zero minimum is observed for CR = 0.2 
when k0h = 2.8. A decreasing pattern is observed in the KH, 
with the maximum value occurring when wall reflection is 
highest owing to zero wave damping. As wall reflection 
decreases, the minimal KH by the breakwater is observed 
because of an increase in wave damping. The pattern of 
wall force aligns with KH, and the effect of wall porosity is 
notable when k0h is varied within the range 0.1 ≤ k0h ≤ 2. 
Beyond this range, the effect of wall reflection becomes 
negligible. In the presence of a water chamber, a double-
peak pattern of vertical force (Figure 5(d)) is observed, 
whereas in its absence, YP with a single peak is observed 
against the relative water depth. The effect of wall reflec‐
tion is higher at the point of global optima k0h = 2, and zero 
minima are observed at k0h = 0.4 for CR = 0.8. The wavy 
barrier experiences the greatest fluid force when CR = 1, 
near k0h = 2.

4.3.2 Effect of bottom undulation
Figure 11 shows KR, KH, XW, and YP versus k0h for vari‐

ous seabed profiles α when B h = 3, L h = 0, a h = 0.2, 
D h = 0.2, θ = 30o, and μ = 0.2. The variation in trapping 
and force coefficients is evident in the absence of a trap‐
ping chamber compared to in the presence of a trapping 
chamber (Figure 9). The KR is almost identical for all com‐
binations of seabed profiles. However, the KH is minimal 
by TWB after introducing the protrusion type-B (α = 2) 
seabed, which may be attributed to the amplification of 
wave energy. Therefore, the corresponding force coeffi‐
cients are maximum for the protrusion type-B (α = 2) sea‐
bed compared to other seabed profiles. Hence, this study 
recommends using sloppy seabeds instead of protrusion 
type B owing to minimal forces on the TWB.

4.4  Sloping seabed underneath the TWB

The change in seabed profiles is a common phenome‐
non considered by several authors when evaluating various 
types of breakwaters. In some coastal areas, floating struc‐
tures are installed away from the undulated seabed, while 
in other locations, floating structures are placed on the undu‐

Figure 9　Effect of bottom undulation on KR, KH, XW, and YP versus 
k0h when B h = 3, L h = 2, a h = 0.2, D h = 0.2, θ = 30o, and μ = 0.2
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Figure 11　 Effect of bottom undulation on KR, KH, XW, and YP 
versus k0h when B h = 3, L h = 0, a h = 0.2, D h = 0.2, θ = 30o, 
and μ = 0.2

Figure 10　Effect of wall porosity on KR, KH, XW, and YP versus k0h 
when B h = 1, L h = 0, a h = 0.15, CR = 1, D h = 0.1, θ = 30o, α =
0, and μ = 0.2
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lated seabed where space is limited. Thus, the installation 
of the TWB is classified into i) undulated seabed upwave 
of the TWB and ii) undulated seabed underneath the TWB 
to evaluate its impact on wave trapping. In this subsection, 
the TWB is installed on the undulated seabed, with two 
different conditions, including i) TWB with chamber and 
ii) without chamber, examined for various input values of 
TWB properties and seabed geometries.

4.4.1 Effect of wall porosity
Figure 12 illustrates KR, KH, XW, and YP versus k0h for 

various input values of wall reflection CR when B h = 1, 
L h = 1, a h = 0.15, D h = 0.1, θ = 30o, α = 0, and μ = 0.2. 
The value of CR is varied with 0.2 ≤ CR ≤ 1, where CR = 1 
indicates the total energy reflection and CR = 0 corresponds 
to a fully transparent wall that transmits all incident wave 
energy. The pattern of all trapping and force coefficients 
closely follows that of Figure 5 (sloping seabed away from 
wavy barrier) and Figure 10 (sloping seabed away from 
wavy barrier with no chamber). After rearranging the loca‐
tion of the sloping seabed, the magnitude of oscillations 
is minimal compared to a sloping seabed away from the 
TWB and maximum compared to a sloping seabed away 
from the TWB without a chamber. The variation in trap‐
ping and force coefficients is evident at each harmonic 
peak and trough compared to other structural configura‐
tions. The magnitude of oscillations is noticeable when the 
back wall is impermeable, and a substantial reduction in 
coefficients is observed after reducing wall reflection.

4.4.2 Effect of wavy plate depth
The depth of the TWB is crucial in wave scattering and 

trapping analysis against incident waves. The hydrodynamic 
coefficients change rapidly based on the depth of the sub‐
mergence of the TWB. Thus, the variation of hydrodynamic 
coefficients is examined for changes in wavy barrier depth 
when located upon the sloping seabed. Figure 13 shows 
the KR, KH, XW, and YP versus k0h for various input values 
of wavy barrier submergence depth when B h = 1, L h = 1, 
CR = 1, D h = 0.1, θ = 30o, α = 0, and μ = 0.2. A sharp 
drop in KR, followed by zero minima, is observed when the 
plate is installed near the mean free water level (a h = 0.15) 
relative to k0h. This results from the increased wave action 
near the wavy plate, which causes notable wave damping. 
The global minimum of KR for a h = 0.15 results from 
standing wave formation owing to the interaction between 
reflected and incident waves in the wave trapping zone. After 
increasing the submergence depth, a moderate increase in 
KR is observed for k0h varied within 1.8 ≤ k0h ≤4, which 
is owing to the minimal participation of the TWB in reduc‐
ing KR and increasing wave damping. The role of the wavy 
barrier in dissipating wave energy is negligible for submer‐
gence depth varied within 0.3 ≤ a h ≤ 0.35, with the back 
wall playing a predominant role in attenuating the wave 
energy in this scenario. Minimal KH is obtained for sub‐

Figure 12　Effect of wall porosity on KR, KH, XW, and YP versus k0h 
when B h = 1, L h = 1, a h = 0.15, D h = 0.1, θ = 30o, α = 0, and 
μ = 0.2

1010



V. Venkateswarlu et al.: Effect of Seabed Geometry on the Hydrodynamic Performance of a Thick Wavy Porous Barrier

mergence depth a h = 0.15 as the wavy barrier is installed 
near the free surface, which causes higher wave damping and 
wave trapping. After increasing the submergence depth, a 
moderate KH is observed for a h = 0.25 and higher KH for 
submergence depth varied within 0.3 ≤ a h ≤ 0.35 owing 
to the minimal participation of the wavy barrier in trap‐
ping and dissipating the incident waves. The PRS experi‐
ences maximal fluid force for starting values of k0h, which 
decreases linearly as the relative water depth k0h increases. 
The role of wavy barrier submergence depth is notable when 
installed near the free surface but becomes negligible at 
greater submergence depths. The double-peak pattern is 
observed in the XW against the relative water depth. The 
effect of submergence depth is greatest at the primary peak, 
and an almost zero minimum of XW is predicted by the 
numerical model when the relative water depth approaches 
k0h = 2.2. The variation of XW is high near the second 
peak for different values of submergence depth owing to the 
reduction in wavelength. The TWB attenuates waves of mini‐
mal length when installed near the free surface and experi‐
ences increased fluid force. Thus, the submergence depth 
of a h = 0.15 is suitable for attenuating waves of higher 
and moderate wavelengths.

4.4.3 Effect of wavy plate porosity
The study evaluates the effect of TWB porosity when in‐

stalled on a sloping seabed far from the wall. Figure 14 
shows the KR, KH, XW, and YP versus k0h for various input 
values of wavy barrier porosity when B h = 1, L h = 1, 
a h = 0.15, CR = 1, D h = 0.15, α = 0, and θ = 30o. The 
full KR is observed when the TWB is impermeable and 
installed on a sloppy seabed, with the effect of k0h being 
negligible. After introducing porosity, the TWB initiates 
the oscillatory pattern in the form of harmonic peaks and 
troughs. The zero minima of KR is observed at μ = 0.1 for 
k0h = 1.45 owing to standing wave formation from the 
reinteraction of reflected and incident waves. Thereafter, KR 
demonstrates a linear increase with harmonic oscillations for 
μ = 0.1. The magnitude of harmonic oscillations is reduced 
after increasing the porous TWB. The μ = 0.4 and μ = 0.5 
show almost identical estimations of KR against k0h varied 
within 2 ≤ k0h ≤ 4, which results from the saturation stage 
of dissipation attained by TWB.

The KH is maximum when the wavy barrier is imperme‐
able. After introducing porosity, nearly identical KH values 
are observed for all input values of TWB porosity, indicat‐
ing that the TWB plays a minimal role in attenuating the 
KH for k0h varied within 2.5 ≤ k0h ≤ 4. The wall experi‐
ences maximum fluid force when the TWB is imperme‐
able. After introducing porosity, XW follows a linear reduc‐
tion pattern with negligible variations. A double-peak oscilla‐
tory pattern is observed in YP when the barrier is permeable. 
Similarly, YP approaches ultrahigh values when the TWB 
is impermeable. Its variation is evident at the major peak 
for all input values of barrier porosity, with a similar pattern 

Figure 13　Effect of plate depth on KR, KH, XW, and YP versus k0h 
when B h = 1, L h = 1, CR = 1, D h = 0.1, θ = 30o, α = 0, and μ = 0.2
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observed at the secondary peak. The porosity effect is 
noticeable near the secondary peak compared to the major 
peak near k0h = 1. Thus, this study suggests the TWB 
porosity within 0.1 ≤ μ ≤ 0.2 to balance the wave trapping 
and force coefficients when the sloping seabed is beneath.

4.4.4 Effect of plate thickness
Figure 15 shows the KR, KH, XW, and YP against k0h for 

various input values of wave plate thickness D h when 
B h = 1, L h = 2, a h = 0.1, CR = 1, μ = 0.2, α = 0, and 
θ = 30o. The trapping and force coefficient patterns are 
nearly identical to those in Figure 8 (TWB near sloping 
seabed with wall). The variation of coefficients is notice‐
able at each harmonic peak and trough. Enhanced harmonic 
peaks are observed for the sloppy seabed away from the 
TWB, and they may be observed clearly for YP near each 
harmonic peak and trough.

4.4.5 Effect of chamber spacing
The effect of chamber spacing on wave trapping and force 

coefficients is reported when the wavy plate is installed 
over the sloping seabed. Figure 16 shows the KR, KH, XW, 
and YP versus k0h for various input values of chamber 
spacing when B h = 1, a h = 0.1, CR = 1, D h = 0.2, θ =
30o, α = 0, and μ = 0.2. The chamber spacing L h = 0 indi‐
cates that the wavy plate is installed near the back wall, 
with the sloping seabed beneath the TWB. A linear decline 
in KR is observed for all L h combinations, with a zero 
minima observed at KR when k0h approaches k0h = 1.2 
possibly attributed to the formation of standing waves. After 
attaining a minimum value, KR increases and attains an iden‐
tical value with a slightly upward trend for all L h combi‐
nations. The effect of L h is evident in the KR against k0h 
varied within 0.5 ≤ k0h ≤ 1.5. A higher KH is observed for 
the no-chamber case, and after introducing a finite cham‐
ber, a slight reduction in KH is observed for all the input 
values of chamber spacing. The increase in relative water 
depth k0h reduces KH when varied within 0.1 ≤ k0h ≤ 2, 
after which the chamber spacing becomes negligible on KH 
coefficient. The vertical wall experiences minimal fluid force 
when the chamber is absent. After introducing the chamber 
between the TWB and the vertical wall, a slight increase in 
the XW is observed, with the effect of chamber spacing being 
negligible. A single peak is observed in XW against k0h for 
specific values of chamber spacing L h varied within 
0 ≤ L h ≤ 1.0, and a pair of peaks are observed when L h 
is varied within 1.5 ≤ L h ≤ 2. The barrier experiences the 
greatest fluid force when the chamber spacing approaches 
L h = 1 and k0h = 1. Overall, moderate chamber spacing 
is suitable for distributing wave trapping and force coeffi‐
cients effectively.

4.4.6 Effect of bottom undulation
Figure 17 illustrates the KR, KH, XW, and YP versus k0h 

for various seabed profiles α when B h = 3, L h = 2, a h =
0.15, D h = 0.2, θ = 30o, and μ = 0.2. Various types of sea‐

Figure 14　Effect of plate porosity on KR, KH, XW, and YP versus k0h 
when B h = 1, L h = 1, a h = 0.15, CR = 1, D h = 0.15,  α = 0, and 
θ = 30o
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Figure 16　Effect of chamber spacing on KR, KH, XW, and YP versus 
k0h when B h = 1, a h = 0.15, CR = 1, D h = 0.2, θ = 30o, α = 0, 
and μ = 0.2

Figure 15　Effect of plate porosity on KR, KH, XW, and YP versus 
k0h when B h = 1, L h = 2, a h = 0.15, CR = 1, θ = 30o, α = 0, and 
μ = 0.2
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bed undulations are introduced and evaluated when they 
are present underneath the TWB in the trapping chamber. 
The oscillatory phenomenon is observed, with the magni‐
tude of oscillations being minimal in the present case com‐
pared to that in Figure 9. The location of the seabed undu‐
lation is evident as the oscillations in the wave trapping 
and force coefficients are minimized. This is because the 
waves propagate between the TWB and seabed undula‐
tions, which enhances fluid damping. Overall, protrusion 
type-B shows a slightly higher prediction of trapping and 
force coefficients than the other seabeds, and these conclu‐
sions align with those reported in the previous predictions 
(Figure 9). The sloppy seabed predicts moderate values of 
coefficients against k0h, while depression-type seabed 
shows a minimum prediction of coefficients compared to 
all other seabed types when the TWB is installed over the 
seabed undulations with a trapping chamber.

4.5  Effect of plate porosity without a chamber

4.5.1 Effect of TWB porosity
In this condition, a wavy barrier is installed close to the 

vertical wall, with a sloping seabed beneath the TWB. The 
effect of plate porosity on the trapping and force coeffi‐
cients against relative water depth is presented. Figure 18 
shows the KR, KH, XW, and YP versus k0h for various input 
values of plate porosity when B h = 1, L h = 0, a h = 0.15, 
CR = 1, D h = 0.15, α = 0, and θ = 30o. Full reflection is 
observed after installing the impermeable TWB owing to 
zero wave damping. After introducing porosity, a double 
trough reflection pattern is observed, with the secondary 
trough disappearing as porosity increases. However, the 
minimal KR is observed for the plate porosity varied within 
0.1 ≤ μ ≤ 0.2 in the absence of chamber spacing with a 
sloping seabed. The barrier reflects the maximum wave 
energy when it is impermeable, but KH is maximum com‐
pared to other combinations. After introducing porosity, a 
decreasing trend is observed in the KH coefficient, with 
minimal variation after increasing the plate porosity.

The wall experiences minimal fluid force as most of the 
wave energy is identified in KH, indicating that most of the 
wave energy interacting with the rigid wall is reflected 
toward the seaside, while the remaining energy is considered 
as KH. After introducing the porous barrier, high porosity 
results in increased force, while low porosity leads to 
reduced force. This occurs because of wave-induced flow 
through the thick plate. The barrier experiences maximum 
fluid when it is rigid, and after introducing porosity, a single 
peak pattern is observed. A higher fluid force is observed 
when plate porosity is minimal, and an increase in porosity 
reduces YP owing to increased particle motion through the 
barrier and wave damping. Therefore, this study suggests a 
plate porosity varying within 0.1 ≤ μ ≤ 0.2 to achieve 
well-balanced trapping and force coefficients.

Figure 17　 Effect of bottom undulation on KR, KH, XW, and YP 
versus k0h when B h = 3, L h = 2, a h = 0.15, D h = 0.2, θ = 30o, 
and μ = 0.2
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Figure 18　Effect of plate porosity on KR, KH, XW, and YP versus k0h 
when B h = 1, L h = 0, a h = 0.15, CR = 1, D h = 0.15, α = 0, and 
θ = 30o

Figure 19　 Effect of bottom undulation on KR, KH, XW, and YP 
versus k0h when B h = 3, L h = 0, a h = 0.15, D h = 0.2, θ = 30o, 
and μ = 0.2
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4.5.2 Effect of bottom undulation
Figure 19 demonstrates the KR, KH, XW, and YP versus 

k0h for various seabed profiles α when B h = 3, L h = 0, 
a h = 0.15, D h = 0.2, θ = 30o, and μ = 0.2. The effects 
of various seabed undulations are introduced and evaluated 
when they are present underneath the TWB in the absence 
of the trapping chamber. The pattern of trapping coeffi‐
cients closely matches that shown in Figure 17. The effect 
of seabed variation is minimal on the reflection, runup, and 
XW. A single peak pattern is observed in YP, with the effect 
of seabed undulations evident near the optima. Higher YP 
is obtained by TWB when the seabed is of protrusion type-B 
(α = 2), while minimal YP occurs with a depression-type 
seabed (α =  −2). Moderate coefficient values are achieved 
by TWB when the seabed has a sloppy nature.

5  Conclusions

This study examined the physical mechanism of wave 
trapping by a TWB when installed near a PRS. The sloping 
type of seabed undulation was included while analyzing 
the breakwater. The MBEM was employed to assess the 
effects of barrier porosity, wall reflection, chamber spacing, 
plate thickness, and barrier submergence depth against the 
relative water depth on wave trapping coefficients (reflec‐
tion and runup) and force coefficients (vertical force on the 
barrier and horizontal force on the wall). The following 
conclusions are drawn from the numerical investigation:

1) A pair of zero minima in the wave reflection pattern 
is obtained against the relative water depth when k0h = 1.6 
and k0h = 3, respectively, for maximum combinations of 
wall reflection CR owing to the formation of standing waves. 
A moderate value of wall reflection CR = 0.5 is recom‐
mended based on the numerical results.

2) For the TWB, a porosity range of 0.1 ≤ μ ≤ 0.2, 
thickness of D h = 0.1, and submergence depth of a h =
0.15 are suggested to achieve well-balanced trapping and 
force coefficients.

3) The undulated seabed away from the TWB enhanced 
the fluid resonance compared to other proposed combina‐
tions. Minimal wave reflection with a double-peak pattern 
is observed for the water chamber, and a single peak is 
observed for the no-water chamber in the presence of TWB.

4) When the impermeable TWB is installed against the 
incident waves, the global minima of wave runup occurs at 
k0h = 1.8 in an oscillatory manner, and the impermeable 
TWB experiences a higher vertical force coefficient.

5) The TWB on the undulated seabed experiences the 
greatest fluid force when the chamber spacing approaches 
L h = 1 for k0h = 1. The sloppy seabed upwave of the 
TWB with a trapping chamber is recommended for bal‐
anced coefficients.

We affirm that the conclusions of this study are limited 

to the test conditions outlined in the figure captions. This 
study offers a solution for replacing partial structures without 
affecting hydrodynamic performance. Previous studies rec‐
ommend gravity-type breakwaters for optimal protection 
against incident wave energy. However, installing gravity-
type breakwaters is challenging when the seabed is undu‐
lating and sensitive. In locations with larger water depths, 
undulated bottom, and sensitive seabed, wavy structures 
are a better option than other types of floating and bottom-
fixed breakwaters, such as submerged continuous breakwa‐
ters in Weihai City, pile-rock breakwaters along the Dongy‐
ing Coast (China), and those in the Mekong Delta region.  
Under these conditions, the TWB can provide sufficient tran‐
quil conditions against incident waves. This study employed 
linearized wave theory, which is a limitation and could be 
extended to include random waves in future research.
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