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The wave overtopping phenomenon at rubble mound breakwaters is one of the 

most important issues during the past few years and always plays a unique role 

in the design process of such structures. Most modeling studies in the 

overtopping measurment have been based on experimental methods and 

numerical modeling of wave overtopping from porous breakwater with pre-

fabricated armour layer, under irregular waves has been less investigated. In 

this study, FLOW-3D software was used to calculate overtopping discharge. 

To assess the accuracy of software results, first, for three of modeled wave 

heights in the laboratory, numerical modeling was performed and the 

comparison between numerical and experimental overtopping results showed 

about 15% error which is acceptable considering the differences between 

numerical and experimental modeling characteristics, errors and uncertainty in 

numerical modeling. In the following, numerical modeling for concrete pre-

fabricated Xbloc, Antifer, and Tetrapad armour units with different 

arrangements has been performed. The comparison between results shows that 

the Antifer armours have the least overtopping and the regular arrangement of 

Xbloc has the most. 
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1. Introduction 

The Armour layer is the most important section of 

a rubble mound breakwater because its damage 

and destruction can destroy other sections of the 

structure. Armour layer has a crucial influence on 

the reflection coefficient of the wave, run-up, and 

the amount of wave overtopping discharge. Wave 

overtopping phenomenon at rubble mound 

breakwater is one of the most important issues 

during the past few years and always plays a 

unique role in the design process of such 

structures. Because of uncertainty in the prediction 

of wave height and the high cost of elevated 

structure, some percentage of overtopping is 

unavoidable[1]. 

Generally, for a specific storm, the total volume of 

overtopped water is well predictable by Jensen and 

Van Der Meer (1994), Owen (1980), Hedjes and 

Reice (1998), formulas which are based on 

experimental methods; However Goda (2000) has 

shown that these formulas are not well considered 

the complexity of wave in shallow waters, and 

thus, the predicted overtopping discharge could be 

less than actual amounts. The performed analyses 

by Besli et al. (1998) have shown that the methods 

not considering this effect may predict the 

overtopping discharge less than the actual amount. 

Numerical studies of Hue et al. (2000) have also 

approved this fact[2],  [3],  [4],  [5], [6]. 

With the increasing computational power of 

computers, more computational models have been 

developed during recent years, to model wave 

overtopping at structures. Initial serious efforts in 

this field were fulfilled by Kobaieshi and Verjantio 

in 1989. They modeled overtopping of the regular 

wave at impermeable coastal structures on sloping 

foreshore[7]. Maroyama and Hirashi (1998) 

presented a numerical model to calculate the 
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overtopping discharge of multidirectional waves at 

a vertical breakwater. The main assumption of this 

modeling was defining the overtopping discharge 

by overflow equation[8]. Hue et al. (2000) 

presented a 2D numerical model to calculate 

overtopping in shallow water by nonlinear 

equations, but this study is only valid for regular 

waves[2]. To 3D modeling and calculate 

overtopping discharge of irregular waves, the 

volume of fluid (VOF)-based methods were used. 

This approach results in a detailed overtopping 

study process than which is possible in physical 

model experiments.  

One of the well-known VOF-based codes is 

NASA-VOF2D, which has been revised several 

times. Develops performed on this code and also 

SOLA-VOF code has resulted in commercial CFD 

code called FLOW-3D[9,]  [10]. Dental et al. 

(2012) modeled wave overtopping at rubble 

mound breakwater subjected to waves from 

JONSWAP spectrum. They show the results from 

the software are so close to the experimental 

study[11].  

Ghasemi et al. (2016) by using FLOW-3D 

software compute the wave overtopping from 

armour breakwater by considering porous effect.  

Milanian et al. (2017)  considered the effect of 

hydraulic and structural parameters on wave run-

up on berm breakwater by using FLOW-3D 

software[13].  

Marashian et al. (2018)  simulated the wave 

overtopping over a composite berm breakwater the 

results of this research shows that wave 

overtopping over a composite breakwater 

significantly decreases rather than berm and 

caisson breakwater[13].  

Amirabadi et al. (2018) simulated the investigation 

of irregular wave interaction with caisson 

breakwater. They presented the comparison 

between Owen formula and numerical modeling 

results of wave overtopping for two different 

conditions: the breakwater with the porosity of 

0.15 and non-porous breakwater[14]. 
 

2. Governing Equations 

FLOW-3D software is multilateral software that is 

compatible with complex flow conditions under 

2D and 3D modeling. A solution method for 

equations in this software is based on the finite 

volume method in the regular mesh. 

In the following, the governing equations of fluid 

flow, turbulence models, and flow modeling in 

porous media are discussed. The governing 

equations of fluid flow are indicative of 

conservation physical laws as mathematical form. 

One of these laws is continuity equation, which is 

derived from mass conservation law, by writing 

mass balance equations for a volume of fluid and 

assuming fluid incompressibility in three 

directions x, y, and z as equation (1): 

 

( ) (v) ( )
0

( ) ( ) ( )

u w

x y z

  
+ + =

  
 

(1) 

Where u, v, and w are velocity parameters in x, y, 

and z directions, respectively. 

The other law is momentum conservation or 

Newton’s second law. This law states that 

momentum change rate equals resultant forces 

acting on the fluid. Considering incompressible 

flow and assuming constant viscosity coefficient, 

the Navier-Stokes equations are as equation (2): 
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(2) 

 

Where xg ,
yg , and zg are mass accelerations in 

x, y, and z directions, respectively.  

The software allows using several turbulence 

models including RNG, k-e, and LES. RNG model 

uses equations similar to the k-e model. As well, 

LES is more used for modeling large-eddy 

simulations. 

The software uses two methods for porosity 

modeling, Darcy and Forchheimer. According to 

Darcy’s law, the pressure drop in porous media is 

related to linear averaged velocity (equation 3). In 

this equation, k is permeability,  is dynamic 

viscosity, and DU is Darcy velocity of the apparent 

velocity of flow. Hereby, it is assumed that flow is 

stable, therefore, the effects of inertia and time 

dependence have not been considered and thus it 

is valid for very low Reynolds number (Re < 1). 

p u
DK


 = −  

(3) 

By increasing Reynolds number and pressure 

drop, the Darcy formula comes out of linear form. 

Forchheimer added non-linear terms to Darcy's 

formula and presented equation (4). Forchheimer 

observed that by velocity increase, inertia effects 

have been dominant on flow.  
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( ) up a b uD D
− = +   (4) 

Where a and b are determined by experimental 

data.  

To combine linear and non-linear equations, all 

coefficients are multiplied by the drag coefficient 

as equation (5). 

Re1 1 1n n p
F U p A B u
d pore poren n d pore



 

 
− −

 = −  = +
 
 

 

(5) 

 

Where dF : drag coefficient (1/t), A: linear drag 

coefficient, B: non-linear drag coefficient, n: 

porosity coefficient,   fluid density, 
pored : 

diameter of aggregate, Re p
: Reynolds number in 

porous media, 
poreu : fluid velocity in porous 

media. 

Reynolds number in porous media is defined as 

equation (6). 

Re
u d U dpore pore D pore

p n

 

 
=   

(6) 

 Combining equations (4) and (5), the Forchheimer 

formula is derived as equation (7). 

2 2(1 ) (1 )
( ) . .

3 3

p n n
A u B uD dx n n

 
 − −

− = +


 
(7) 

Comparing equation (7) and equation (4), linear 

drag coefficient (A) and non-linear drag 

coefficient (B) are defined as equations (8) and (9), 

respectively. 
3

2(1 )

n
A a

n
=

−
 

(8) 

 (9) 
3

(1 )

n
B b

n
=

−  
In which, the coefficients A and B are dependent 

on grain material and calculated from 

experimental data and tables. Equations (8) and (9) 

are only applied when a full set of data of utilized 

grains is available. If the grain data is rare, the 

equations (10) and (11) are used to calculate the 

linear and non-linear drag coefficients. 

2

180

pore

A
d

=

 

(10) 

pore

B
d


=

 

(11) 

Where β is the fineness/hardness module varies 

from 1.8 to 4[15]. 
 

3. Numerical modeling 

After presenting governing equations, according to 

the experimental modeling performed at Tarbiat 

Modares University, breakwater geometry, and 

prerequisite parameters of numerical modeling 

were inputted to the software. 

 

3.1 Experimental model 

In the experimental model, the pattern of Anzali 

port development project was used, and 

breakwater geometry was built (Figure 1). 
 

 
Figure 1 Geometry of breakwater built in the lab [16] 

 

The dimensions of breakwater were studied in the 

laboratory as shown in table 1[16]. 
Table 1 dimensions of different parts of studied 

breakwater 

Breakwater height (cm) 30.5 

Breakwater slope (  ) 37 

Filter thickness (cm) 3 

Heel height(cm) 4 

Heel slope (  ) 34 

Height of lower part of breakwater (cm) 21.2 

The slope of the lower part of the 

breakwater (  ) 
8 

 

Armour units used in the experimental model were 

Xbloc with the regular arrangement. Dimension 

sizes of armour units and their arrangement are 

shown in figure 2. 

 
Figure 2 A) Xbloc size B) Xbloc arrangement [12] 
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To provide porous media, two types of grading 

with sizes of 4.5 cm and 1.2 cm were used for filter 

and core layers respectively to simulate actual 

condition. 

Another experimental model requisite data for 

numerical modeling is the generated wave data. 

The irregular wave spectrum for wave 

characteristics presented in table 2, has been 

generated based on the Goda formula, in the 

laboratory. Using MATLAB code, the motions of 

the wave generator piston are defined in a way that 

generates desired wave spectrum [12] [17].  

  
Table 2 irregular wave characteristics 

Wave height (cm) Wave period (s) 

7.3 1.32 

9.7 1.48 

12.7 1.58 
 

 

3.2 Breakwater modeling 

Considering the geometry characteristics of the 

physical model; the geometry and layout used in 

AutoCAD software are shown in Figure 3. 

 

 
Figure 3 A) Breakwater geometry in numerical modeling B) 

Armour arrangement in numerical modeling 

 

After designing the breakwater geometry in 

AutoCAD, the geometry was saved in STL format 

and inputted to FLOW-3D software. 

Then, according to experimental data, the filter 

and core were modeled as porous media. 

Considering the grains’ sizes, linear and non-linear 

Forchheimr drag coefficients of filter and core are 

calculated as equations 10 and 11: 

 

Drag coefficient of filter:  

4

2 2 2

2

180 180
8.88 10

(4.5 10 )

3
66

4.5 10

filter

filter

A
d

B
d



−

−


= = =  


 = = =
 

 

Drag coefficient of core:  
 

6

2 2 2

2

180 180
1.25 10

(1.2 10 )

2
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B
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−

−
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To model porous media in FLOW-3D software, it 

is necessary to introduce the porosity to media and 

then choose an appropriate way to model the 

porous media model. Then, the linear and non-

linear drag coefficients are determined as in the 

calculations above.  

After inputting the breakwater geometry to the 

software, the computational domain and boundary 

condition were determined. The dimensions of the 

computational domain were considered by 10 m 

length, 35 cm width, and 65 cm height as an 

experimental flume. To optimize the number of 

computational cells efficiently, four mesh blocks 

have been used for this domain. The dimensions of 

the blocks are shown in figure 4. 

 
Figure 4 Segments of the computational domain 

 

The boundary conditions are the basic parameters 

in the numerical simulation that should be noticed. 

After determining the computational domain, the 

boundary condition should be determined for each 

face of these four mesh blocks. The wave 

boundary condition, the wall boundary condition, 

the outflow boundary condition, and the symmetry 

boundary condition were used at the beginning of 

the first block, at the bottom of the blocks, at the 

end of the fourth block, and at other boundaries, 

respectively. 

Since the purpose of this simulation is to generate 

an irregular wave similar to physical models; the 

only boundary condition that is necessary to be 

explained is the wave boundary condition used at 

the beginning of the first block. 

The wave boundary condition needs a wave 

spectrum as an input to generate the irregular 

wave. Using Goda’s equation, the wave spectrum 

is generated, considering the height and period of 

the experimental wave (Table 2). 

Using Goda’s equations, wave energy, S(f), was 

calculated for different values of wave frequency, 

f. To define irregular wave values of 2πf and S(f) 

were saved in a file with CSV format and then 

were inputted into the software [12]. 
 

3.3 Meshing and sensitivity analysis of modeling 
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Determining the best mesh is one of the most 

important steps in numerical studies because the 

coarse mesh could result in larger gradients of 

changes. It is not possible to reach the correct 

answer. So, mesh refinement is needed to correctly 

capture the changes in regions which are subjected 

to harsh gradients and to reach a more accurate 

answer in a computational cell. But it should be 

noted that this mesh refinement should be 

performed carefully, since it may increase the 

number of computational cells as well as the 

calculation time.  

After physical modeling, it is necessary to make 

the mesh efficient. To assess the sensitivity of the 

numerical model than the number of 

computational cells, a large number of modeling 

was performed, and finally, the cell sizes of 

different blocks were obtained as shown in Table 

3[12]. 
Table 3 mesh characteristics 

Mesh block 1 2 3 4 

Mesh size (mm) 22.5 12.9 8.6 7.04 
 

As it is seen in table 3, the size of the 

computational cell in the range of the breakwater 

geometry cell was considered smaller to perform 

modeling more sensitive. Also, the size of the 

computational cell was considered 1.2-1.8 times 

larger than the adjacent block. The shape of 

breakwater after rendering in FLOW-3D 

demonstrated in figure 5.  

 

 
Figure 5 breakwater after rendering in FLOW-3D 

 
3.4 Calibration and validation using experimental 

data 

After defining the breakwater and details of 

modeling in the software, modeling was 

performed. To be assured of the results’ accuracy, 

wave overtopping resulted from three waves listed 

in table 2 was compared with experimental results. 

There were no specific details about the porosity 

of filter layers and core in the experimental model. 

To calibrate the numerical model, the simulation 

was performed for different porosities. Comparing 

the overtopping results from numerical modeling 

with mean overtopping discharge values of the 

experimental study, clearly shows that the 

numerical modeling results with a porosity value 

of 0.45 have higher precision than experimental 

data. Therefore, the porosity value of 0.45 was 

used for validation[12]. 

Validation settings were as follows, water height 

at the structure: 40 cm, turbulence model: RNG, 

porosity value: 0.45, simulation time: 100 sec. A 

comparison between mean overtopping discharge 

results of numerical modeling and mean 

overtopping discharge of experimental studies for 

different wave heights is outlined in table 4.  
 

Table 4. Validation results for different wave 

characteristics 

Wave 
height (cm) 

7.3 9.7 12.7 

Experiment

al wave 

overtopping 
(liter/s) 

41.09 10−  
32.406 10−  

36.125 10−  

Numerical 

wave 
overtopping 

(liter/s) 

59.56 10−  
32.07 10−  

36.97 10−  

Normal 

error (%) 
-14 -16 12 

 

Table 4 shows that mean overtopping discharge 

results have higher precision than experimental 

results. Also, the numerical modeling error was 

12-16 %. This was acceptable considering the 

differences between numerical and experimental 

modeling characteristics and also numerical 

modeling errors. To assess the simulation time 

effect on results, duration was increased to 150 s 

and decreased to 50 s, and the mean overtopping 

discharge values of 150 s and 50 s were compared. 

The results for the wave height of 12.7 cm are 

shown in table 5. 
 

Table 5 time effect on wave overtopping 

150 100 50 
Time 

(second) 

36.88 10−  
36.97 10−  

37.123 10−  

mean 

overtoppin
g discharge 

(liter/s) 
 

This comparison represents that mean overtopping 

discharge is decreased slightly with increasing 

duration. This is because of wave-wave 

interaction. In the first 50 s, since new waves are 

shaping up and decrease in wave height cause of 

wave-wave interaction is less, the results of mean 

overtopping discharge for 100 and 150 s have been 

more. 
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One of the important outputs of software is 

overtopping schema at the structure. The moment 

of maximum overtopping for different wave 

heights was as shown in figure 6.  
 

Figure 6 over topping moment for different wave heights 

Hs=7.3 cm B)   Hs=9.7 cm C)   Hs=12.7 cm 

 

4. Modeling armour type and arrangement 

effects 

To assess armour type and arrangement effects on 

overtopping, for three breakwaters with different 

armour blocks: Xbloc, Antifer, tetrapod- and 

different arrangements, modeling was performed. 

Results of overtopping were compared to 

characterize the best performance of different 

armour types and arrangements to decrease the 

overtopping. 

 

 
4.1 X-block armour 

X-block armour was modeled as one-layer and two 

types of arrangements, regular and irregular. 

For numerical modeling, it was necessary to build 

the breakwater geometry and arrangements in 

AutoCAD. In the present study, regular and 

irregular arrangements were based on 

experimental data from Piter et al. study, as shown 

in figure 7. 

 
Figure 7 Xbloc arrangements in laboratory  

A) regular arrangement B) irregular arrangement [18] 

 

Figure 8 shows the modeled regular and irregular 

arrangements of Xbloc in AutoCAD.  
 

 
Figure 8 Xbloc arrangements in numerical modeling 

A) regular arrangement B) irregular arrangement  

 

After building the model geometry and defining 

the numerical parameters as previous, modeling 

was performed for rubble mound breakwater 

segments with slope range of 1-1.5, porosity value 

of 0.25, freeboard value of 7 cm, wave heights 

characteristics of table 2 and the A and B types of 

arrangement as shown in figure 8. The results are 

represented in figure 9. 
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Figure 9 result of wave overtopping for different arrangement 

of Xbloc 

The modeling results showed that the overtopping 

increased with increasing wave height as 

previously. Using the irregular arrangement of 

armour blocks, overtopping was decreased. That is 

because of more wave energy damp between 

irregularly arranged blocks. At the wave height of 

7.3 cm, overtopping discharge at the breakwater 

with the irregular arrangement is half of the 

corresponding value at the breakwater with regular 

arrangement. At the wave height of 9.7 cm, this 

was more than half, while at 12.7 cm the 

overtopping was approximately equal for regular 

and irregular arrangements. The changes trend 

shows that irregular arrangement has a high impact 

on overtopping decrease at small wave heights. 

When the wave height is increased, the impact of 

irregular arrangement is decreased. 
 

4.2 Antifer armour 

This armour is modeled as two-layers. For 

numerical modeling, it was necessary to build the 

breakwater geometry and arrangements in 

AutoCAD.  

In the laboratory, the physical modeling performed 

for different arrangements of Antifer armour, 

However, for numerical modeling, two 

arrangements used as shown in figure 10, which 

were studied at Delft University of 

Technology[19]. 

 
Figure 10 Antifer arrangements in laboratory  

A) type A B) type B[19] 

 

Based on an experimental schema, as shown in 

figure 10, the A and B types of Antifer armour 

arrangements were built-in AutoCAD, as shown in 

figure 11. 
 

 
Figure 61 Antifer arrangements in numerical modeling 

A) type A B) type B 

After preparing the model geometry and defining 

the numerical parameters as previous, modeling 

was performed for rubble mound breakwater 

segments with slope range of 1-1.5, porosity value 

of 0.25, freeboard value of 7 cm, wave heights 

characteristics of table 2 and the A and B types of 

arrangement as shown in figure 11. The results are 

represented in figure 12. 
 

 
Figure 72 wave overtopping results for different arrangements 

of Antifer 

The results represent that by using a B-type 

arrangement, the overtopping is decreased. This is 

because of the more porosity of B-type than A-

type. Because of more distance and porosity in B-

type than A-type, this arrangement has more 

porosity. 

 
4.3 Tetrapod armour  

Similar to previous armours, in this section, the 

breakwater geometry and arrangements should be 

modeled in AutoCAD. The arrangements of 

tetrapod were based on Fabio’s experimental data 

that was fulfilled in the University of Lisbon, as 

shown in figure 13[20]. 

0
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Figure 83 Tetrapad arrangement in a laboratory [20] 

Based on the experimental schema, as shown in 

figure 13, tetrapod armour arrangements were 

modeled in AutoCAD, as shown in figure 14. 
 

 
Figure 94 Tetrapad arrangement in numerical modeling 

After modeling geometry and characterizing the 

numerical parameters as previous, modeling was 

performed for rubble mound breakwater segments 

with a slope range of 1-1.5, porosity value of 0.25, 

freeboard value of 7 cm, wave heights 

characteristics of table 2, and with an arrangement 

as shown in figure 14. The results are represented 

in figure 15. 
 

 
Figure 105 result of wave overtopping for Tetrapod 

 

4.4 Comparison of different Armour arrangements 

To better represent, figures 9, 12, and 15 have been 

aggregated in figure 16. 

 

 
Figure 116 wave overtopping results for different armour 

types and arrangements 

As it is obvious in figure 16, the B-type 

arrangement of Antifer has the lowest overtopping 

and the most overtopping belongs to the regular 

arrangement of Xbloc. Tetrapod blocks have more 

overtopping than two arrangements of Antifer and 

lower overtopping than two arrangements of X-

block. Also, changing Armour blocks effect at 

high wave heights is observed while there is no 

significant difference at small wave heights. The 

only difference is related to the overtopping 

discharge of regular and irregular arrangements of 

X-block. 

 

5. Conclusion 

In the present study, first of all, the irregular wave 

spectrum on porous media of breakwater and 

armour blocks using FLOW-3D software was 

simulated. After comparing the numerical and 

experimental modeling results and ensure about 

numerical modeling accuracy for prefabricated 

concrete X blocks, Antifer and tetrapod, and 

different arrangements of these blocks, the 

modeling was performed. Type and arrangement 

effects of the blocks were compared. Irregular 

arrangements have a high impact on overtopping 

decrease at small wave heights. When the wave 

height is increased, the impact of irregular 

arrangement is decreased. Using the B-type 

arrangement of Antifer armour blocks, the 

overtopping discharge will be decreased because 

of more porosity of B arrangement than A. A small 

wave heights, using A-type or B-type 

arrangements of Antifer makes no significant 

change on overtopping but in high wave heights, 

the B-type arrangement has lower overtopping. 

Tetrapod armour has more overtopping than Xbloc 

and is lower than Antifer.  

0

0.00005

0.0001

0.00015

0.0002

0.00025

0.0003

0 0.02 0.04 0.06 0.08

Tetrapod

0
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0.0002

0.0003

0.0004
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0 0.02 0.04 0.06 0.08

Antifer A Antifer B Xbloc Irregular
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Between different segments and arrangements that 

used, the lowest overtopping occurred for B 

arrangement of Antifer armours and the most 

overtopping occurred for the regular arrangement 

of X-blocks.  
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