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ABSTRACT: Various types of vertical porous detached breakwaters are being built to reduce the impact of 

wave pressure on sea dikes as well as avoid rapid, severe erosion along the coastline of the lower Mekong 

Delta area. Waves can both pass through the porous breakwater and over the top of the structure 

(overtopping). The effectiveness of porous structures varies because it depends on the crest freeboard height, 

breakwater width, and porosity. However, the effectiveness of this type of porous detached breakwater has 

yet to be proven. This paper evaluates the effectiveness of this type of breakwater by introducing a numerical 

model based on the Navier – Stokes equations applied to the porous media. The numerical model is applied 

to simulate solitary waves interacting with the porous structures for various cases. The numerical results 

show that when the crest freeboard is low (low-crested porous breakwater), the breakwater width and the 

porosity of the breakwater do not significantly affect the wave height behind the breakwater. The wave 

reduction effect is greatly increased with the increase of the crest height due to submerged breakwater and 

overtopping waves. The breakwater schematization is tested to show the porous breakwater effectiveness in 

reducing wave energy.   

 

Keywords: Vertical porous detached breakwater; Numerical model; Overtopping; Navier – Stokes 

equations; Mekong Delta. 

 

 

1. INTRODUCTION 

 

Various numerical models are developed to 

simulate water waves interacting with porous 

structures or propagating inside porous media. 

Each model has its characteristics. The model 

applying extended Boussinesq equations saves 

time and gives good accuracy in simulating waves 

interacting with porous structures [1–6]. Nonlinear 

shallow water equations with hydrostatic pressure 

distribution have been widely used to simulate 

waves interacting with porous structures [7,8]. 

Recently, the Navier-Stokes equations have been 

applied to develop numerical models for waves in 

porous media [9–11]. Although this type of model 

is time-consuming, since it is a three-dimensional 

model, its accuracy is very good. Furthermore, the 

Navier-Stokes model has advantages in simulating 

three-dimensional phenomena such as diffraction, 

and refraction [10]. However, few studies apply 

this model in simulating overtopping waves of 

vertical porous breakwaters. 

In recent years, several types of porous 

detached breakwaters have been deployed along 

the lower Mekong Delta coastal zone in Vietnam 

[12]. These detached breakwaters are placed about 

100-200 m away from the coastline. The purpose 

of these detached structures is the reduction of 

wave impacts on the sea dike system- built a long 

time ago- which causes sediment accretion in the 

area between the breakwater and the sea dike, to 

plant mangrove forests. These mangrove forests 

are good for dissipating wave energy from storm 

surges, tidal flows, and result in the sediment 

accretion inside the forests [13,14]. Several 

different types of the porous detached breakwater 

are being built in the Mekong Delta area, such as 

hollow breakwaters, bamboo breakwaters, and 

vertical porous breakwaters filled with rocks. The 

first two types of breakwaters were introduced in 

some recent studies to show their advantages in 

reducing wave energy [5,11,15–18]. However, 

there are not many studies investigating the 

effectiveness of the third type of breakwater. 

An analytical solution of wave interaction with 

a vertical porous structure was derived based on 

the matched Eigenfunction expansion method [19]. 

When waves interact with porous structures, the 

reflection, transmission, and energy loss 

coefficients are determined. However, the 

nonlinear energy dissipation was not considered 

because the fluid was assumed to be non-cohesive. 

Experiments were conducted to predict the 

transformation of waves passing through a double-

row pile breakwater, which is similar to the 

vertical porous breakwater [20]. Figure 1 shows 

vertical porous breakwaters, which have been built 

recently along the coasts of the Vietnamese 

Mekong Delta [21] and Dongying City in China 

[19].  
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This type of vertical porous detached 

breakwater filled with rocks has been built in 

several pilot projects and gives good effectiveness 

in reducing wave forces impacting the sea dike 

system. Also, it increases the sediment deposition 

for mangrove development [12]. This paper 

evaluates the wave dissipation efficiency of this 

structure with various cases of breakwater widths, 

crest heights, porosities, and incident wave heights. 

 

  

a) b) 

Fig.1 Vertical porous detached breakwaters: a) along the west coast of Ca Mau province, Vietnam [21], b) 

along the coast of Dongying City, China [19]. 

   

 

In this study, a numerical model based on the 

Navier-Stokes equations is applied to study the 

waves overtopping of a porous breakwater 

protecting a coastal area in Southwest Vietnam, 

known as the Mekong Delta. The second section of 

this study introduces a numerical porous media 

model employing the turbulence model and a 

solitary wave boundary condition. The next section 

shows the stable propagation of the solitary wave 

which will be applied as an initial condition for the 

simulation of waves interaction with vertical 

porous detached breakwaters. By investigating 

various cases of breakwater configurations and 

porosity characteristics, the effectiveness of wave 

energy dissipation of the porous detached 

breakwater is analyzed and evaluated. The last 

section gives some concluding remarks. 

 

2. MODEL DESCRIPTION 

 

2.1 The Governing Equations for Water in 

Porous Media 

 

By applying the framework of Navier-Stokes 

equations, the continuity and momentum equations 

in porous media [22,23] are given by 

 

  0A u  (1) 
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v p

F

A p G f f
t V 


       



u
uu        (2) (2) 

where  , ,x y z         is the gradient 

operator,  , ,u v wu  is the flow velocity in the 

x -, y -, z - direction;   is the water density; p  is 

the pressure; G  is the body acceleration; v
f  is the 

viscous acceleration; and 
p
f  is the flow losses in 

porous media. In this model, the geometry of 

porous media is captured by a grid which is 

separated into two parts. The first part captures the 

interface of the object (water) and the second one 

captures the filled part of the object (porous media). 

By defining the open volume fraction in the grid, 

the water and porous volumes are recognized in 

the grid based on the object parameters. Then, the 

fractional volume method is introduced to compute 

the mass and momentum equations in one unit cell. 

Here, A  is the area fraction for the water in the 

mesh of a Cartesian coordinate system and F
V  is 

the volume fraction for water. 

By employing the famous switching technique 

of the volume of fluid (VOF) method [24], the free 

surface transportation equation between water and 

air is defined as 
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where 
w
V  is the water volume fraction in the cell 

of a free surface and 
w
V  = 0, 0 < 

w
V < 1 and 

w
V  

= 1 control the different phases of air, interface, 

and water, respectively.  

The viscous acceleration vector, v
f , in three 

directions of Cartesian coordinate [23] can be 

written as: 
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where 
( = , , )si i x y z

w  is the wall-shear stress and   is 

the shear stress term. 

The flow losses in the porous media are 

derived using Forchheimer saturated drag [25] as: 

p D
f F




u
 (7) 

 

where   is the porosity of the media, D
F  is the 

Forchheimer saturated drag including the linear 

and non-linear terms as: 
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In Eq. (8), l
  and t

  are coefficients that 

represent the laminar and turbulent flow 

resistances, respectively. 

The turbulence model is applied for solving the 

dynamic viscosity   using k  , giving the two 

equations [26,27]: 

F

1
x y z

T T k

k k k k
uA vA wA

t V x y z

P G D 

    
   

    

   

 (9) 

 

F

2
1

3 2

1
x y z

T T

uA vA wA
t V x y z

C
P C G D C

k k


  

   

 

    
   

    

   

 (10) 

 

where T
P  is the turbulent kinematic energy 

production; T
G  is the buoyancy production term; 

k
D  and D


 are the diffusion terms; and 

1
C


, 2
C


, 3
C


 are constants. 

 

2.2 Boundary Condition of Solitary Wave 
 

This model uses the solitary wave source based 

on McCowan’s theory [28]: 
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where   is the surface elevation, and h  is the still 

water depth. Here, c  is the wave velocity given 

by: 

0
c u c   (12) 

0
( )c g h H   (13) 

 

where u is the current velocity, 0
c is the wave 

speed in still water, and H  is the wave height. 

The velocities are computed as: 
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where N  and M satisfy the two equations: 
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The Newton-Raphson method is applied for 

solving Eqs. (11-17) repeatedly. The initial values 

of M  and N  are  
1/2

3 /H h  and 2 /H h , 

respectively. The initial value of the water surface 

elevation is given by 

 

2
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4
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3. RESULTS AND DISCUSSIONS 

 

This section shows the verification of the 

numerical porous model. The first part of this 

section shows the stability of the solitary wave 

along the computational domain and the second 

part shows the energy dissipation effectiveness of 

the vertical porous breakwater for various cases.  

 

3.1 Solitary Wave Propagation 

 

For the simulation of waves overtopping 

vertical porous structures, a solitary wave is used 

as the initial condition and placed at the left 

boundary of the domain. The stability of a solitary 

wave is very important in numerical simulations. 

Figure 2 presents the surface profiles of the 

solitary wave at different positions along the 

computational domain. It shows that the shape and 

amplitude of the solitary wave are well conserved. 
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Fig.2 Solitary wave propagation along the 

computational domain. 

 

3.2 Wave Overtopping of a Vertical Porous 

Breakwater 

 

3.2.1 Model Setup 

 

In this part, the solitary wave is applied as an 

initial condition to simulate waves interacting with 

the vertical porous structure for various cases. 

These cases include various breakwater widths and 

schematizations, porosities, initial wave heights, 

and water depths (Table 1). 

The computational domain is shown in Fig.3.a 

with a uniform grid of 1dx dy dz    cm. The 

laminar and turbulent coefficients of 10,000 and 80, 

respectively, are applied in these simulations. Two 

wave gauges are placed at 2 meters in front and 2 

meters behind the vertical porous breakwater to 

record reflected and transmitted waves, 

respectively. A snapshot showing the flow field 

and the overtopping waves of the vertical porous 

breakwater is presented in Fig.3.b. Three types of 

the vertical porous breakwater are used for 

simulations. The first type is a single vertical 

porous breakwater (Fig.4.a), the second one 

(Fig.4.b) is a two-adjacent breakwater and the last 

one (Fig.4.c) has the same characteristics as the 

second one but with a gap in between two parallel 

breakwaters. As recommended, the porosity of the 

front breakwater should be greater than that of the 

rear one [19]. In this study the front breakwater has 

a width 1
0.3B   m filled with gravel diameter 

1
8d   cm and porosity 1

0.55   while the rear 

one has a width 2
0.2B   m filled with gravel 

diameter 2
5d   cm and porosity 2

0.45  , for 

the second type breakwater (Fig.4.b). The third 

type breakwater (Fig.4.c) has a gap of 1
0.3B   m 

between the front and rear breakwaters while the 

single type is simulated with 2 cases, 0.2B  m 

and 0.3B  m (Fig.4.a). 

 

a) 

 
 

b) 

 
 

Fig. 3. Model domain: a) schematization; b) a 

snapshot of solitary wave overtopping of a vertical 

porous breakwater. 

 

Table 1 Input parameters for the numerical model 

 

Breakwater widths B  (m) Crest freeboard heights Rc  (m) 

0.2 0.3 0.3 & 0.2 0.3, 0.3 & 0.2 -0.10 -0.05 0 0.05 0.10 0.15 

Gravel diameter d  (cm) Porosities   Initial wave heights H  (m) Water depths h  (m) 

5 8 0.45 0.50 0.55 0.06 0.09 0.12 0.35 0.40 0.45 0.50 0.55 

B B B B BB1 2 1 1 2

a) b) c)

h

Rc

incident wave

 
Fig. 4 Three types of porous breakwater scenarios: a) single breakwater, b) two adjacent breakwaters, c) 

parallel breakwaters with a gap. 

3.2.2 Influence of Porous Breakwater Dimensions 

 

This part carries out simulations for the first 

type of the breakwater scenario (Fig.4.a) with 2 

breakwater width cases ( 0.2B m and 0.3B m), 

gravel diameter 5d  cm and porosity 0.5  . 

The incident solitary wave heights are 0.06H  m, 

0.09m, and 0.12m. 
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The energy dissipation coefficient is 

determined based on the energy balance of the 

incoming, reflecting, transmitting, and dissipating 

waves inside the structure. The energy balance 

around a porous structure obeys the law of energy 

conservation and is given by: 

 

Ei Er Et Ed    (19) 

 

where Ei , Er , Et , and Ed  are the energy of the 

incident, reflected, transmitted and dissipated 

waves, respectively. The energy balance can be 

written in terms of coefficients:  

 

2 21kd kt kr    (20) 

 

where kt , kr , and kd  are transmission, reflection, 

and dissipation coefficients, respectively. 

Figure 5 provides numerical results about the 

relation between the relative crest freeboard 

( /Rc H ) and coefficients of transmission, 

reflection and dissipation. For submerged porous 

breakwater ( / 0Rc H  ), the breakwater widths do 

not significantly affect the wave transmission 

coefficient and the wave height behind the 

structure does not reduce much (i.e., less than 

20%). In this case, waves behind the structure 

include waves passing through the porous body 

and waves propagate over the structure. It can be 

seen quite clearly that the deeper the crest 

freeboard inundation, the more insignificant the 

influence of the breakwater width on the 

transmission coefficient, the larger the incident 

wave height will give a larger wave height behind 

the porous structure but the coefficient kt  is 

almost unchanged (i.e., 0.06H  , 0.09 , and 

0.12 m then 0.83kt  , 0.83 , and 0.84 , 

respectively). The breakwater width is very small 

relative to the wavelength (a solitary wave is a 

long wave in shallow water), the width of the 

breakwater does not have much effect on the 

transmission coefficient for submerged 

breakwaters [29]. As the relative freeboard 

increases ( / 0Rc H  ), the influence of the 

breakwater width and the incident wave height on 

the transmission coefficient can be seen very 

clearly. When / 1.7Rc H   (or 0.06H  m), the 

kt  for the 0.3 m width breakwater is about 

83% of the kt  for the 0.2 m width breakwater. 

This ratio is about 80%  for 0.09H  m and 

slightly reduce to 78%  for 0.12H  m. For all 3 

cases of incident wave heights, the transmission 

coefficients become stable when the relative 

freeboard is greater than unity. This could be a 

good suggestion for physical experiments or cost 

savings in pilot projects. Most of the overtopping 

waves occur when the relative freeboard is from 

zero to unity. 

When the relative freeboard is large enough 

(i.e., / 1 2Rc H   ), the transmission coefficient 

is almost constant because overtopping waves are 

negligible, the reflection coefficient slightly 

increases. The dissipation coefficient increases 

with the increase of the relative crest freeboard 

until / 1Rc H  , however, it decreases slightly for 

/ 1Rc H  . 

 

3.2.3 Influence of Breakwater Porosities 

 

Three values of porosity used in this section 

( 0.45,0.5,0.55  ) to evaluate the transmission 

coefficient are commonly applied in some 

numerical simulations of waves interacting with 

porous structures [4,6,9,30]. Figure 6 illustrates a 

similar trend as shown in the previous part. For 

low-crested breakwaters (i.e., / 0Rc H  ), the 

porosities do not have a significant effect on the 

transmission and reflection coefficients, especially 

when / 1Rc H    since most of the waves 

propagate over the structure. For high-crested 

cases (i.e., / 0Rc H  ), the porosities and incident 

wave heights give significant effects on reducing 

wave heights behind the breakwater. The 

dissipation and reflection coefficients show a 

similar trend with the increasing of the crest 

freeboard. Figure 6 clearly shows that when the 

porosity decreases, the transmission coefficient 

decreases. 

 

3.2.4 Influence of Nonlinearities of Incoming 

Waves 

 

Figure 7 shows the influence of the incident wave 

heights (the nonlinearity in the range of 

/ 0.109 0.343H h   ) on the transmission, 

reflection and dissipation coefficients. The 

breakwater characteristics are breakwater width 

0.2B m, the crest freeboard height 

0.1 0.15Rc   m, porosity 0.5  , and gravel 

diameter 5d  cm. It is shown that for submerged 

breakwater cases ( 0Rc  ) or when crest freeboard 

heights are smaller than incident wave heights (i.e., 

0.05Rc  m), the transmission coefficient 

increases with higher incident waves since wave 

heights behind the porous breakwater are 

superposed by the transmission wave and 

overtopping wave. When the crest freeboard 

heights are greater than the incident wave heights 

( 0.15Rc  m), the overtopping waves gradually 

reduce, waves behind the porous breakwater are 

sole transmission waves. Wave nonlinearities have 

a significant influence on the transmission 

coefficient, the more nonlinearity increases, the 
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more the transmission coefficient kt  decreases 

and the reflection coefficient increases. This 

phenomenon has also been described in some other 

studies for simulations of solitary waves 

interacting with porous structures [3,4,6,30]. An 

interesting thing appears in Fig.7 when the trend of 

increasing or decreasing of kt  is not evident for 

the crest freeboard height 0.1Rc  m. For this case, 

the height of the crest freeboard is larger than 

wave heights 0.06H  m & 0.09m but smaller 

than 0.12H  m. It can be seen that the 

transmission coefficients decrease gradually for 

the first two wave heights because when there is 

no or very little overtopping wave, the nonlinearity 

dominates. However, when the incident wave is 

higher than the crest freeboard, the transmission 

coefficient increases due to the dominance of the 

overtopping wave. 

 

H=6 cm 

   

H=9 cm 

   

H=12 

cm 

   

 

Fig.5 Influence of crest heights (Rc ) to the transmission, reflection and dissipation coefficients. 

 

3.2.5 Influence of the Breakwater Schematization 

 

In the previous parts, a single porous 

breakwater is tested and shows its effectiveness in 

reducing wave energy. In this part, 2 cases of the 

porous breakwater schematization are tested 

(Fig.4.b, c). Figure 8.a gives numerical results for 

a two-adjacent breakwater case, the front 

breakwater (sea-ward) has a width 1
0.3B  m, the 

porosity 1
0.55  , and the gravel diameter 

1
8d  cm while the rear breakwater (land-ward) 

has a width 2
0.2B  m, the porosity 2

0.45   

and the gravel diameter 2
5d  cm. Fig.8.b 

illustrates numerical results for parallel-breakwater 

with a gap case. The front and rear breakwaters are 

the same as the previous case however a gap 

1
0.3B  m is set in between 2 breakwaters. In 

contrast to the cases described in the part 3.2.2 

where the breakwater width does not significantly 

affect the wave propagation for the submerged 

breakwater, the breakwater width, in this case, 

shows a greater reduction in the kt  coefficient, 
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and especially significantly decreases when the crest freeboard is greater than zero ( 0Rc  ). 

 

H=6 cm 

   

H=9 cm 

   

H=12 cm 

   

 

Fig.6 Influence of the porosities of the breakwater (  ) to the transmission, reflection and dissipation 

coefficients (breakwater width is 0.2B  m). 

   

 

   
Fig. 7 Influence of the nonlinearities. 

 

4. CONCLUSIONS 

 

In this paper, a numerical model employing 

Navier-Stokes equations was introduced to 

simulate solitary waves overtopping a detached 

porous breakwater. The interaction of solitary 

waves with porous structures was conducted in 

several cases. We found that the breakwater width 

does not have a significant influence on the 

transmission coefficient for the simulation of long 

waves to a low-crested breakwater. The 

transmitted wave height is stable when the relative 

freeboard is greater than unity or the crest 
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freeboard height approximates the incoming wave 

height. This finding could be a good suggestion for 

physical experiments or cost savings in pilot 

projects being built in the lower Mekong Delta 

area. This study conducted numerical simulations 

of two more cases of the breakwater 

schematization (2 adjacent breakwaters and 

parallel breakwaters with a gap), which 

significantly reduce the wave heights behind the 

porous structure. However, these configurations 

may increase the construction costs and it is 

necessary to have more evaluation of the economic 

and technical efficiency of these types of detached 

porous breakwaters. 

 

0.06H  m 0.09H  m 0.12H  m 

a) two adjacent breakwaters 

   

b) parallel breakwaters with a gap 

  
 

Fig. 8. Influence of the vertical porous breakwater schematizations. 
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