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 The study deals with the interaction of water waves with the perforated thin barrier placed in 
front of a rigid wall in the presence of step bottom. To include the effect of wave heights on the 
wave energy dissipation, a nonlinear pressure drop condition on the perforated barrier is 
considered. Further, the associated boundary value problem is solved numerically using the 
iterative boundary element method. Finally, the reflection coefficient and wave forces are 
evaluated and analyzed to study the various characteristics of the trapping problem. The study 
concludes that the wave forces on the rigid breakwater reduce significantly with an increase in 
the porosity of the perforated thin barrier. 

1.Introduction 

Perforated thin barriers are the most commonly used coastal 
structures to mitigate the wave-induced forces and incident wave 
energy dissipation. These perforated barriers are highly preferred due 
to their simple design, construction conveniences, and cost-
effectiveness [1]. 

There are many experimental and theoretical investigations carried 
out by several researchers related to wave interaction with thin and 
thick porous barriers. Among them, some notable works are Porter 
and Evans (1995) [2] studied the scattering of water waves by thin 
vertical walls of different structural configurations using Galerkin 
approximations in infinite-water depth. Li et al. (2006) [3] studied the 
effect of the relative thickness of the porous plate on the resistance 
coefficient. It was observed that when the relative thickness of the 
plate is reduced, the resistance coefficient significantly increased. Liu 
et al. (2012) [4] used the eigenfunction expansion to study oblique 
wave interaction with an infinite array of perforated screens placed 
in front of the rigid caisson to mitigate the horizontal forces on the 
caisson. The study highlighted that the number of the reflected wave 
and propagation waves is not dependent on the number of porous 
barriers. An and Faltinsen (2012) [5] presented wave scattering by a 
submerged perforated plate in finite and infinite water depths using 
the time-efficient iterative semi-analytic solution. A perforated plate 
can effectively reduce the wave loads and reflections than the rigid 
plate. However, the wave transmissions are more in the case of long 
waves [5]. 

Several studies are available on wave interactions with the thin 
perforated barrier with linear boundary conditions on the plate. In 
general, the flow through the perforated barrier is represented by a 
nonlinear boundary condition. Using the nonlinear pressure drop 
condition on the perforated barrier, [6] studied the interaction 
between the water waves and perforated screens theoretically and 
experimentally. It was seen that a perforated barrier with 20% 

geometrical porosity gives the optimal wave reflection. Liu and Li 
(2017) [7] used an iterative boundary element method to handle the 
nonlinear condition on the perforated plate when wave interaction 
with the partially perforated caisson on the rigid foundation. This 
nonlinear pressure drop condition signifies the effect of wave height 
on the wave energy dissipation, which was neglected in the liner 
version of the pressure drop condition. Recently, Panduranga et al. 
(2021) [8] studied the gravity wave interaction with multiple surface 
piercing slotted screens in front of the rigid caisson placed on a 
porous foundation in the presence of seabed undulations. The 
physical problem was solved using the iterative boundary element 
method. A combination of four slotted barriers produces 98% of wave 
energy dissipation. 

In the present study, water wave interaction with a bottom-founded 
perforated barrier over the step bottom is studied using linear wave 
theory. A nonlinear pressure drop condition is considered to handle 
the effect of wave height on wave energy dissipation. The associated 
boundary value problem is solved using the iterative boundary 
element method. Various wave and structural parameters are 
considered to investigate the effectiveness of the perforated barrier, 
and details are provided in the subsequent sections.  

2. Mathematical formulation 

In this section, water wave interaction with a bottom standing 
perforated thin barrier place at a finite distance away from the rigid 
breakwater is studied under linear water wave theory. The problem is 
studied in a 2D cartesian coordinate system in which the z-axis is 
taken vertically upwards, and the x-axis is taken along the mean free 
surface. In Fig. 1, 𝑑𝑑 is the length of the thin barrier, ℎ1 is the water 
depth which changes to ℎ2 at x = 0. Further, the distance between the 
rigid wall and the thin barrier is 𝑤𝑤.  
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Figure 1. Schematic diagram 

Assuming that the fluid is not compressive without rotation and 
motion is simple harmonic in time 𝑡𝑡 with circular frequency 𝜔𝜔. 
Therefore, the velocity potential Φ is written of the form  Φ(𝑥𝑥, 𝑧𝑧, 𝑡𝑡) =
𝑅𝑅𝑅𝑅{𝜙𝜙(𝑥𝑥, 𝑧𝑧)𝑅𝑅−𝑖𝑖𝑖𝑖𝑖𝑖}. Here, 𝜙𝜙(𝑥𝑥, 𝑧𝑧) satisfies the Laplace equation in each of 
the regions 𝑅𝑅𝑗𝑗 , 𝑗𝑗 = 1,2, 

∇2𝜙𝜙𝑗𝑗 = 0.                                                              (1) 

The free surface boundary condition (BC) is given by 

𝜕𝜕𝜙𝜙𝑗𝑗
𝜕𝜕𝑧𝑧

−
𝜔𝜔2

𝑔𝑔
𝜙𝜙𝑗𝑗 = 0, on       Γ𝐹𝐹𝑗𝑗 , 𝑗𝑗 = 1,2.                    (2) 

The BC on the impermeable seabed and the rigid wall is given by 

 �

𝜕𝜕𝜙𝜙𝑗𝑗
𝜕𝜕𝑧𝑧

= 0, on   Γ𝐵𝐵𝑗𝑗, 𝑗𝑗 = 1,2

𝜕𝜕𝜙𝜙2
𝜕𝜕𝑧𝑧

= 0, on   Γ𝑊𝑊,                     
                         (3)   

The BC on the perforated thin barrier is given by ([7],[10]) 

𝜙𝜙2 − 𝜙𝜙1 =
8𝑖𝑖

3𝜋𝜋𝜔𝜔
1 − 𝜇𝜇
2𝛼𝛼𝜇𝜇2

�
𝜕𝜕𝜙𝜙1
𝜕𝜕𝑥𝑥

�
𝜕𝜕𝜙𝜙1
𝜕𝜕𝑥𝑥

+ 2𝐶𝐶
𝜕𝜕𝜙𝜙1
𝜕𝜕𝑥𝑥

,    on Γ𝑆𝑆,                 (4) 

 

where 𝜇𝜇 is the geometrical porosity of the perforated thin barrier, 𝛼𝛼 is 
the discharge coefficient which typically varies from 0.3-0.4 for the 
porosity less than 0.5. The expression for the blockage coefficient is 

𝐶𝐶 = 𝑏𝑏
2
�1
𝜇𝜇
− 1� + 𝑠𝑠

𝜋𝜋
�1− ln 4𝜇𝜇 + 1

3
𝜇𝜇2 + 281

180 
𝜇𝜇4�, in which  𝑏𝑏 is the 

thickness of the barrier and 𝑠𝑠 is the distance between the centers of 
the two adjacent gaps. Further, the continuity of the horizontal fluid 
velocity across the perforated thin barrier can be written as  

𝜕𝜕𝜙𝜙1
𝜕𝜕𝑥𝑥

=
𝜕𝜕𝜙𝜙2
𝜕𝜕𝑥𝑥

, on      Γ𝑠𝑠.                                               (5) 

The interface BC is given by  

𝜙𝜙1 = 𝜙𝜙2 ,    
𝜕𝜕𝜙𝜙1
𝜕𝜕𝑥𝑥

=
𝜕𝜕𝜙𝜙2
𝜕𝜕𝑥𝑥

, at   Γ𝐼𝐼.                                          (6) 

Finally, the far-field condition at Γ𝐿𝐿 is represented as [9]  

𝜕𝜕
𝜕𝜕𝑥𝑥

(𝜙𝜙0 − 𝜙𝜙1) + 𝑖𝑖𝑘𝑘0(𝜙𝜙0 − 𝜙𝜙1) = 0,                         (7) 

where 𝜙𝜙0 = �− 𝑖𝑖𝑖𝑖𝑖𝑖
2𝑖𝑖
�  cosh𝑘𝑘0(𝑧𝑧+ℎ1)

cosh𝑘𝑘0ℎ1
 𝑅𝑅𝑖𝑖𝑘𝑘0𝑥𝑥, and 𝑘𝑘0 obtained from the 

relation 𝜔𝜔2 = 𝑔𝑔𝑘𝑘0 tanh𝑘𝑘0ℎ ([8]). 

 

 

 

3. Numerical solution using iterative boundary element 
method (BEM) 

In this section, the aforementioned BVP is solved using BEM. Firstly, 
a set of integral equations are formulated using Green’s second 
identity for each of the boundaries of the regions 𝑅𝑅𝑗𝑗 , 𝑗𝑗 = 1,2. Then, the 
integral equations are handled for the numerical solution using BEM. 
Due to nonlinearity in Eq. (4), the conventional BEM cannot be applied 
to the present problem. Therefore, an iterative BEM is adopted to 
handle the BC on the perforated thin barrier. 

Applying Green’s second identity to 𝜙𝜙 and 𝐺𝐺 (fundamental solution) 
over each boundary of the regions 𝑅𝑅𝑗𝑗 , 𝑗𝑗 = 1,2, we obtain the following 
integral equation 

1
2
𝜙𝜙 = ��𝜙𝜙

𝜕𝜕𝐺𝐺
𝜕𝜕𝜕𝜕

− 𝐺𝐺
𝜕𝜕𝜙𝜙
𝜕𝜕𝜕𝜕
�𝑑𝑑

Γ

Γ                               (8) 

n represents the unit normal vector (outward). The fundamental 
solution  𝐺𝐺 is expressed as 

𝐺𝐺 =
1

2𝜋𝜋
ln�{(𝑥𝑥 − 𝑥𝑥0)2 + (𝑧𝑧 − 𝑧𝑧0)2} , 

and it’s normal derivative  

𝜕𝜕𝐺𝐺
𝜕𝜕𝜕𝜕

= 𝜕𝜕𝑥𝑥
𝜕𝜕𝐺𝐺
𝜕𝜕𝑥𝑥

+ 𝜕𝜕𝑧𝑧
𝜕𝜕𝐺𝐺
𝜕𝜕𝑧𝑧

, 

where 𝜕𝜕𝑥𝑥   and 𝜕𝜕𝑧𝑧 are unit normal vector components along x and z 
directions. Substituting BCs (2)-(7) into Eq. (8), we get the following 
integral equations ([9]). 

Region 1: 

−
1
2
𝜙𝜙1 + ��

𝜕𝜕𝐺𝐺1
𝜕𝜕𝜕𝜕

− 𝑖𝑖𝑘𝑘0𝐺𝐺1�𝜙𝜙1𝑑𝑑Γ+ �
𝜕𝜕𝐺𝐺1
𝜕𝜕𝜕𝜕

𝜙𝜙1𝑑𝑑Γ
Γ𝐵𝐵1Γ𝐿𝐿

                                    

+ ��𝜙𝜙1
𝜕𝜕𝐺𝐺1
𝜕𝜕𝜕𝜕

− 𝐺𝐺1
𝜕𝜕𝜙𝜙1
𝜕𝜕𝜕𝜕

�𝑑𝑑
Γ𝑆𝑆

Γ + ��𝜙𝜙1
𝜕𝜕𝐺𝐺1
𝜕𝜕𝜕𝜕

− 𝐺𝐺1
𝜕𝜕𝜙𝜙1
𝜕𝜕𝜕𝜕

�𝑑𝑑
Γ𝐼𝐼

Γ 

+ ��
𝜕𝜕𝐺𝐺1
𝜕𝜕𝜕𝜕

−
𝜔𝜔2

𝑔𝑔
𝐺𝐺1�𝜙𝜙1𝑑𝑑

Γ𝐹𝐹1

Γ = ��
𝜕𝜕𝜙𝜙0
𝜕𝜕𝜕𝜕

− 𝑖𝑖𝑘𝑘0𝜙𝜙0�𝐺𝐺1𝑑𝑑Γ.                   (9)
Γ𝐿𝐿

 

Region 2: 

−
1
2
𝜙𝜙2 +   ��𝜙𝜙1

𝜕𝜕𝐺𝐺1
𝜕𝜕𝜕𝜕

+ 𝐺𝐺1
𝜕𝜕𝜙𝜙1
𝜕𝜕𝜕𝜕

�𝑑𝑑
Γ𝐼𝐼

Γ + �
𝜕𝜕𝐺𝐺2
𝜕𝜕𝜕𝜕

𝜙𝜙2𝑑𝑑Γ
Γ𝐵𝐵2

                               

+ ��𝜙𝜙1
𝜕𝜕𝐺𝐺2
𝜕𝜕𝜕𝜕

+ �𝐺𝐺2 + 𝑌𝑌
𝜕𝜕𝐺𝐺2
𝜕𝜕𝜕𝜕

�
𝜕𝜕𝜙𝜙2
𝜕𝜕𝜕𝜕

�𝑑𝑑
Γ𝑆𝑆

Γ + �
𝜕𝜕𝐺𝐺2
𝜕𝜕𝜕𝜕

𝜙𝜙2𝑑𝑑Γ
Γ𝑊𝑊

 

                  + ��
𝜕𝜕𝐺𝐺2
𝜕𝜕𝜕𝜕

−
𝜔𝜔2

𝑔𝑔
𝐺𝐺2�𝜙𝜙2𝑑𝑑

Γ𝐹𝐹1

Γ = 0.                                                     (10) 

In Eq. (10), 𝑌𝑌 = 8𝑖𝑖
3𝜋𝜋𝑖𝑖

 1−𝜇𝜇
2𝛼𝛼𝜇𝜇2

�𝜕𝜕𝜙𝜙1
𝜕𝜕𝜕𝜕
� + 2𝐶𝐶. The above integral equations are 

converted into a matrix equation by discretizing the entire 
boundaries of the regions into a finite number of boundary elements, 
and the values of 𝜙𝜙 and 𝜕𝜕𝜙𝜙/𝜕𝜕𝜕𝜕 are assumed to be constant over each 
element [9]. After obtaining 𝜙𝜙 and 𝜕𝜕𝜙𝜙/𝜕𝜕𝜕𝜕, the horizontal wave force 
acting on the thin perforated plate and rigid wall are evaluated using 
the following formulae. 

Reflection coefficient 𝐾𝐾𝑅𝑅 [9] is given by 

𝐾𝐾𝑅𝑅 = �−1 +
1
𝑁𝑁02

2𝑖𝑖𝜔𝜔
𝑔𝑔𝑔𝑔

𝑅𝑅𝑖𝑖𝑘𝑘0𝐿𝐿 �𝜙𝜙(1)(−𝐿𝐿, 𝑧𝑧)𝑍𝑍0(𝑧𝑧)𝑑𝑑𝑧𝑧
0

−ℎ 

� ,                    (11) 

where 

   𝑁𝑁02 = � 𝑍𝑍02(𝑧𝑧)𝑑𝑑𝑧𝑧, 𝑍𝑍0(𝑧𝑧) =  
cosh𝑘𝑘0(𝑧𝑧 + ℎ1)

cosh𝑘𝑘0ℎ1
.

0

−ℎ
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Horizontal wave loads on barrier 𝐹𝐹𝑆𝑆𝑥𝑥 and wall  𝐹𝐹𝑊𝑊𝑥𝑥  [9] are given by 

𝐹𝐹𝑆𝑆𝑥𝑥 = �
𝜔𝜔
𝑔𝑔ℎ2

�(𝜙𝜙2 − 𝜙𝜙1)𝜕𝜕𝑥𝑥
Γ𝑆𝑆 

 𝑑𝑑Γ�  ,                                      (12) 

𝐹𝐹𝑊𝑊𝑥𝑥 = �
𝜔𝜔
𝑔𝑔ℎ2

�𝜙𝜙2𝜕𝜕𝑥𝑥
Γ𝑊𝑊 

 𝑑𝑑Γ�  .                                      (13) 

 

4. Results and discussions 

For the computational purpose the wave and structural parameters 
are fixed as following: ℎ1 = 10𝑚𝑚, ℎ2/ℎ1  =0.5, 𝑑𝑑/ℎ2  =0.5, W/ℎ1=1.0, 
L/ℎ1=2.0, 𝛼𝛼 = 0.4,𝑏𝑏 = 0.01ℎ1, unless otherwise mentioned. 
 
Figs. 2(a)-2(c) show the variation of 𝐾𝐾𝑅𝑅, 𝐹𝐹𝑊𝑊𝑥𝑥 , and 𝐹𝐹𝑆𝑆𝑥𝑥 versus 𝑘𝑘0ℎ1 for 
different values of the porosities of the perforated barrier. 𝐾𝐾𝑅𝑅 
decreases with an increase in the porosity of the perforated barrier. 
The reason is more amount of incident wave energy being dissipated 
by the perforated barrier. Further, 𝑘𝑘0ℎ1 > 1.5, i.e., short wave regime, 
the reflection coefficient increases for higher values of the porosity. 
In Fig. 2(b), the non-dimensional horizontal wave force on the rigid 
wall is plotted for various porosities of the perforated barrier. It is seen 
that the wave forces on the rigid wall decrease significantly with a 
change in porosities. However, for a certain range of wave 
frequencies, the non-dimensional wave forces on the rigid wall 
increase for larger geometrical porosity values.  This is mainly the 
transmission of wave energy through the perforated barrier. Further, 
the non-dimensional wave forces on the perforated wave barriers 
decrease for a certain range of wave frequencies. This is expected 
since a major portion of wave energy is dissipated by the perforated 
barrier. 
 

Figs. 3(a)-3(c) show the variation of 𝐾𝐾𝑅𝑅, 𝐹𝐹𝑊𝑊𝑥𝑥 , and 𝐹𝐹𝑆𝑆𝑥𝑥 versus 𝑊𝑊/𝜆𝜆 (𝜆𝜆 is the 
incident wavelength) for different values of the porosities of the 
perforated barrier with 𝑘𝑘0ℎ1 = 1.0. 

(a) (a) 

(b)  

(b)  

(c) 

Figure 2. Variation of (a) 𝐾𝐾𝑅𝑅,(b) 𝐹𝐹𝑊𝑊𝑥𝑥 , and (c) 𝐹𝐹𝑆𝑆𝑥𝑥 vs. 𝑘𝑘0ℎ1 for different 
values of the porosity of barrier 𝜇𝜇. 

A periodic oscillatory pattern is observed in all three figures due to 
the continuous interaction of reflected waves by the perforated 
barrier and rigid wall. Further, the zero wave forces on the perforated 
barrier referred to the full reflection of the incident waves by the 
perforated barrier. On the other hand, the wave loads on the rigid wall 
are more in case of an impermeable barrier than the permeable. This 
is due to wave energy dissipation does not occur in the case of the 
rigid barrier. 

5. Conclusions 

The study presents the reduction of wave loads on the rigid 
breakwater by the thin perforated barriers. The associated boundary 
value problem is solved using the iterative boundary element method 
due to the nonlinear pressure drop condition on the perforated 
barrier. 

 

(b)  
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(b)

 

(c) 

Figure 3. Variation of (a) 𝐾𝐾𝑅𝑅,(b) 𝐹𝐹𝑊𝑊𝑥𝑥 , and (c) 𝐹𝐹𝑆𝑆𝑥𝑥 vs. 𝑊𝑊/𝜆𝜆 for different 
values of the porosity of barrier 𝜇𝜇. 

It is found that the reflection coefficient decreases with an increase 
in the porosity of the perforated barrier. This due to dissipation 
incident wave energy. Further, the non-dimensional horizontal force 
on both rigid wall and perforated barrier also decrease with an 
increase in the porosity of the barrier. Due to the continuous 
interaction of reflected waves by the rigid wall and perforated barrier, 
the reflection coefficient and wave loads follow an oscillatory manner 
as the non-dimensional gap between the rigid wall and perforated 
breakwater. Further, it can also be studied with an increase in the 
number of perforated barriers for the significant reduction of wave 
loads on the rigid breakwater.  
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