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Abstract 
As the Armor shape has a significant effect on the reduction of wave overtop-
ping, this study compares the performance of various shapes of concrete ar-
mored blocks of X block and Tetrapod as the most suitable armors. In this 
study, a three-dimensional numerical model was used for simulation of the 
effects of waves on the armors of Tetrapod and X Block breakwaters. In this 
regard, in order to calibrate the numerical model, a sample of conventional 
stone armor has been selected and using available experimental data on the 
design of armor such as wave overtopping, wave height, period of waves and 
energy density of the required spectral range of wave verification was con-
ducted on a numerical model. In this regard, it is necessary to calibrate all the 
conditions of the model including boundary conditions, numerical modeling, 
initial conditions, numerical solvers and other parameters in the numerical 
model and simulation error rate is determined. The maximum error of the 
numerical model for the relative height values of the impact waves on the 
structure of breakwater is 7.87% for different conditions. Accordingly, the 
maximum error of the numerical model in determining overtopping values is 
7.81%. The average fluctuation value of overtopping in the X block armor has 
dropped by about 31% compared to the tetrapod armor. 
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1. Introduction 

The overtopping of waves from coastal structures is one of the most important 
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hydraulic reactions considered in the design of these structures. The phenome-
non of wave overtopping, especially regarding the protection structures of cities 
and installations, such as coastal walls and dykes is important because overtop-
ping through these structures can lead to structural damage and loss of life or 
financial losses. As shown in the figure below, wave-overtopping processes is the 
collision of the wave to structure, upstream, and eventually overflow of water 
from the structure [1] [2]. This phenomenon has caused many damages in 
coastal structures and their existing structures in the past and present. Due to 
the uncertainty in predicting the level of water design, as well as in determining 
the design waves on the one hand, and on the other hand, in terms of economic 
cost, the construction of high structures, accepting the occurrence of overtop-
ping is unavoidable [3]. 

A lot of research has been done on the phenomenon of wave overtopping of 
coastal structures in the last 50 years. These studies have led to continuous cor-
rections in overtopping prediction methods from shore protection structures 
and deformation of various armored vehicles against sea waves [4]. Existing 
methods are divided into two groups of numerical and experimental methods. In 
recent years, in spite of more affinities with the nature of the phenomenon, due 
to the high cost of testing the equipment and the difficulty of creating a situation 
similar to that of the nature, laboratory methods have been used less commonly. 
However, in numerical methods despite their complexity, due to different pers-
pectives were carried out after the study of the research and the knowledge 
available on the phenomenon of the overtopping of waves from coastal struc-
tures with an analytical look at the strengths and weaknesses of existing models, 
the failure modeling and wave overtopping modeling, they have focused on 
coastal structures and attempts to focus on studies that take into account the 
more details of the phenomenon. 

Generally, for a given storm, the total volume of water overtopping is general-
ly predicted by the methods of Jensen and Van in Mayer (1994), Owen (1980), 
Hudges and Reis (1998), which are based on empirical experiments [5] [6] [7]. 
However, Godda (2000) has shown that these formulas do not totally cover the 
complexity of waves in shallow water and may largely predict overtopping fluxes 
below actual values [8]. Analysis by Bessley et al. (1998) also shows that methods 
that do not take this effect may predict the overtopping through underlying 
waves below actual values [9]. This finding has been supported and confirmed 
by numerical studies by Hugh et al. (2000) [10]. With the increasing computing 
power of computers, numerous computational models have been developed to 
model wave overtopping of structures in recent years. Kubayayashi and Vorjan-
tou, who dealt with numerical modeling of regular wave overtopping of offshore 
penetration structures on a sloping coast, undertook the first serious attempts in 
this area in 1989 [10]. Marviyama and Hirashi (1998) presented a numerical 
model for calculating overtopping flux of the multi-directional waves from a 
vertical breakwater [11]. The basic assumption of this model was that overtop-
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ping flux could be defined by an overflow relationship. A two-dimensional nu-
merical model for calculating the transition from shallow water nonlinear equa-
tions, but this study is valid only for regular waves. For the purpose of 3D mod-
eling and calculation of overtopping discharge from irregular waves, methods 
were used that were based on fluid volume. The success of these methods is to 
study the overtopping process with more detail than is possible in physical mod-
el experiments. 

Considering that Tetrapod and X Block armors have a wide application in 
different countries, in this study, using numerical 3D modeling, after the calibra-
tion and verification steps, the results of the relative flow velocity values for 
overtopping these two armors have been studied and their results can be used in 
the design of such armors. 

2. Materials and Methods 

In this study, using Flow3D numerical model, three-dimensional overtopping 
waves were simulated on the tetrapod and x-block armors. This software has 
been developed by Flow Science. The software is based on the complete solution 
of Navier-Stokes equations. This software solves the Navier-Stokes equations 
using a finite difference method [12]. With the increasing application of this 
software by companies and research institutes, it can be stated that the software 
is capable of modeling complex hydraulic, hydrodynamic and so on issues, espe-
cially free-area issues. Evidence of this is the growing number of articles in 
which the software has been used. Accordingly, using a geometric and hydrody-
namic condition of an existing experimental model of breakwater of a numerical 
model is constructed for this study. Then, using the created model, different 
geometric and hydraulic conditions can be applied to the present model and the 
results of the model are extracted and analyzed [13]. Data analysis will be ex-
amined using other studies that have been carried out on these structures [14]. It 
should be noted that the numerical model presented in this study provides ne-
cessary information for the velocity, pressure, and depth values for different 
transverse and longitudinal sections that can be analyzed using the outputs of 
the model. Moreover, the present numerical model has the ability to determine 
overtopping discharge rates over time. 

Numerical Simulation Method in Flow3D Numerical Model 

To specify the networking boundaries, those blocks are specified in which all 
dimensions of the structure and the free space within it is defined. In the figure 
below, the rigid geometry made by SolidWork software has been added to the 
Flow3D numerical model and constructed using grid and computational blocks 
to determine the overtopping discharge rate of the breakwaters in the Flow3D 
numerical model (Figure 1 and Figure 2). 

The block is exactly in accordance with the requirements of the laboratory 
model, and in order to calibrate and validate the model, such conditions must be  
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Figure 1. Construction and design of three-dimensional geometry of concrete tetrapod 
blocks in breakwater coating. 
 

 
Figure 2. Construction and design of three-dimensional geometry of concrete X block 
armor in breakwater coating. 
 
applied to the numerical model. This block has dynamic grids, and in other 
words, it is located at the cross section of a smaller grid, and in other areas with 
larger computational cells (Figure 5). Using the Dynamic Grid Block in this 
model, the accuracy of calculations in the region focusing on the cross section of 
the wavelet has increased. A smaller grid area has been adapted to the geometry 
of the breakwater with a stone armor. 

3. Calibration and Numerical Model Verification 

In order to calibrate and validate the numerical model of laboratory studies of 
Bruce et al. (2008) have been used. In this study, a jumper flame with irregular 
waves with the Jonswap spectrum hits the crustal section and the flow rates are 
measured using laboratory equipment. Therefore, in this section, we try to ex-
tract the overtopping discharge values on a section of the crater with a stone ar-
mor from the numerical model by simulating the precisely experimental condi-
tions and calculating the error of the Flow3D numerical model in this field [15]. 
Then, by changing the different armor and numerical geometry of the numerical 
model, the parameters for reducing the overtopping flow velocity in the break-
waters will be investigated. It should be noted that the waves are irregularly 
produced with the Jonswap spectrum, and the maximum wave height is 12 cm 
high and with a period of 1 second to the breakwater section [16]. In laboratory 
studies, with the installation of discharge gauges in line at the end of the labora-
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tory model, the discharge rate due to overtopping of waves has been measured. 
In the numerical model, using the output boundary profile, we can extract the 
flowing wave velocity from a breakwater with a stone armor. After various mod-
eling according to different conditions, the results of the numerical model are 
compared and evaluated based on the best conditions for modeling the results of 
the numerical model with the experimental results. Calibration and verification 
of the results of the numerical model are divided into two parts. The first part 
for the calibration and verification of the numerical model for hydrodynamic 
parameters of the model includes periodic values, wave height, and maximum 
values of the energy spectrum and its comparison with laboratory values that 
will be done to determine the precision of the numerical error in simulating the 
hydrodynamic parameters. The second part will be based on the parameter of 
overtopping flow rate and the accuracy of the numerical model. 

The following figure shows a three-dimensional wave encounter is a 
wave-to-break collision under the conditions of a first run of waves at an altitude 
of 11 cm and a period of 1 second, while in the second run, the waves rise at 10 
cm and a period of 2 seconds according to the conditions. 

In the following Figure 3 and Figure 4, the energy spectrum of the energy 
density of the impact of waves on the crushers’ structure is extracted from the 
numerical model and evaluated with the wavelength energy density spectrum in 
laboratory mode (Figure 6). 

In the Table 1, the values of the wavelength, period and maximum density of 
the wave spectrum for two states of the generated waves in the Flow3D numeri-
cal model are calibrated and verified. In the table below, the relative error values 
of the following equation are used: 

 

 
Figure 3. Comparison of wave energy spectrum density in Flow3d laboratory and nu-
merical modeling. 
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Figure 4. Comparison of wave energy spectrum density in Flow3D laboratory and nu-
merical modeling. 
 

 
Figure 5. Different views of grid block and smaller computational cells in the breakwater 
cross-section. 
 

Error % 100 Exp Num

Exp

X X
X
−

= ∗                     (1) 

In the above relationship, XP is the actual value of the parameter (lab values), 
and XM is the simulated value of the desired parameter. 

As shown in the Table 2 above, the hydrodynamic simulation of the wave 
propagation model from a breakwater with a rocker armor for wave height, wa-
velength period and peak density of simulated wavelength spectra are very close 
to laboratory conditions. Based on the results of numerical modeling, the maxi-
mum relative error of the numerical model in the height and period parameters 
of the waves are respectively 4.5 and 3 percent. In addition, the maximum error  
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Figure 6. The collision of waves in a breakwater section with stone armor for calibration and verification of Flow3D numerical 
model. 

 
Table 1. Comparison of validation and calibration results of a numerical model for hy-
drodynamic parameters of the Flow3D numerical model. 

No. 
Experimental Numerical 

Hs (cm) Ts (s) S(f): max Hs (cm) Ts (s) S(f): max 

Run 1 11 1 0.00241 10.8 0.97 0.00227 

Run 2 10 2 0.00396 10.54 1.98 0.00422 

Error % 
Run 1 Run 2 

1.81 3 7.88 5.40 1 6.56 

 
Table 2. Comparison of validation and calibration results of a numerical model for pa-
rameters of relative wavelengths and overtopping flow in a Flow3D numerical model. 
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Exp 
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Num 
Error % 

Run 1 Run 2 

Run No.1 0.78 0.72 7.69 31.5 10−×  31.41 10−×  6.10 

Run No.2 1.15 1.07 6.95 46.0 10−×  45.7 10−×  5.00 

Run No.3 1.2 1.17 2.5 58.0 10−×  57.8 10−×  2.50 

Run No.4 1.45 1.37 5.51 54.0 10−×  53.7 10−×  7.52 

Run No.5 1.65 1.52 7.87 61.65 10−×  61.52 10−×  7.81 

 
of the simulation of the peak density values of the energy spectrum of the waves 
versus the experimental results is 88.8%. Comparison of the values of the results 
of the hydrodynamic parameters and their relative error indicates that the 
present numerical model has acceptable relative error values, and the numerical 
simulation of the hydrodynamic parameters is a calibrated and verified model. 
In order to calibrate and verify the overtopping discharge, values in different 
conditions of the waves in a breakwater with stone reinforcements and the 
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available experimental results are evaluated in the studies of Bruce et al. (2008). 
One of the most important relationships for determining the amount of the dis-
charge of overtopping of the waves of breakwaters that considers the most im-
portant geometric and hydrodynamic parameters of the plan is given by TAW, 
2002 as follows: 

3
00

10.2exp 2.6 c

m fm

Rq
HgH γ

 
= −  

 
                 (2) 

In this equation, q is the values overtopping discharge of breakwater in unit 
width, Hm0 is the wave height of the indicator, Rc is the free height of the brea-
kerwater, γf is the coefficient of roughness of the materials, which are given in 
different references for each armor. It should be noted that the parameter  

3
0m

q

gH
 is a dimensionless parameter. In the present study, we have tried to use  

numerical results and experimental results to validate the numerical model. In 
the table below, two sections of numerical and laboratory results and simulation 
error rates are presented. In the table below, the values of the relative error be-
tween the experimental results and the results of the Flow3D numerical model 
are extracted and calculated for the same conditions. Comparison of the para-
meter of the post-discharge flow rate after overtopping rocky armor with differ-
ent wave and period conditions are investigated. It should be noted that various 
tests have been performed with boundary conditions, initial conditions and 
network conditions in a numerical model, and the best results of the numerical 
model are presented in this section. 

As shown in the table above, the maximum error of the numerical model for 
the relative height values of the collision waves to the crusher structure is 7.87% 
for different conditions. Accordingly, the maximum errors of the numerical 
model in determining the fluctuating flow rates relative to the laboratory condi-
tions are also 7.18%. It should be noted that the results of the above table have 
been obtained by different tests and checking available parameters. Therefore, 
the present numerical model can be calibrated and verified, and can be com-
pared with similar conditions for simulation of collisions waves to breakwaters 
with other curtains. 

In the diagram below, the relative overtopping flux changes 
3

0m

q

gH

 
 
 
 

 are  

plotted against a rocker armor relative to the relative height ( 0c mR H ) in two 
laboratory and numerical modes. 

4. Discussion and Results 

As shown in Figures 7-10 the different sections of the present study, one of the 
most important parameters affecting the climbing and passing of waves on the 
structure of crushers is the geometric shape of the stone and concrete reinforce-
ments. Therefore, based on the research objectives in this section, the study of  
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Figure 7. Changes in relative overtopping flow rate 
3

0m

q
gH

 from a rocket armor against a rela-

tive height 0c mR H  in two laboratory and numerical modes. 

 

 
Figure 8. The quality of pass of overtopping through the X-block armor from the breakwaters. 

 
the amount of flux discharge values for the X-block armor and the concrete 
blocks of the tetrapod is evaluated. The numerical model is simulated using dif-
ferent wave height conditions. The results of the discharge outlet of the break-
water with the tetrapod and X-block armors for 300 seconds are given as follows. 
It should be noted that given the fact that in the model, the amount of discharge 
per unit of time for the model can be measured, finally, for the evaluation of the 
numerical model, the mean of the output of the model must be measured. The 
results of the Flow3D numerical model are derived in the graphs below, based on 
0.5 second intervals. 

In the first step, numerical modeling for x-blocks is done. Accordingly, using 
the geometry of the X-blocks in the previous section, the condition of 5 different  
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Figure 9. Output flow variation diagram in terms of time and average rate of discharge 
output from armor X Block breakers. 
 
waveforms with different height and period that has a flow passage on the Ar-
mor X Block has been applied. After the extraction of the numerical results, the 
transmitted overtopping rates for the maximum wave height were extracted 
during the simulation period from the numerical model. In the following figures, 
the form for how the flow of discharge changes based on the time and the 3D 
view of numerical modeling is shown. 

In step five, numerical modeling for the tetrapod blocks is one of the oldest 
and most practical coatings for breakwaters. Accordingly, using the geometry of 
the tetrapod blocks constructed in the previous section, 5 different waveforms 
with different altitudes and periods with flow overflow on Tetrapod armor have 
been applied. After extraction of the numerical results, the transmitted overtop-
ping rates for the maximum wave height were extracted during the simulation 
period from the numerical model. The following figure shows the flow of dis-
charge changes based on time and three dimensional numerical modeling in the 
figure below. 

In the Table 3 above, the flux overtopping values for the two most commonly 
used armor breakwaters are derived from the Flow3D numerical model. In order 
to compare, different models of armor, tetrapod, X-block, and stone armor are 
plotted below. In this chart, the fluctuation of overtopping has been plotted rela-
tive to the relative altitude of the waves. 

As seen in the Figure 11, the relative overtopping flux values for different ar-
mor have different values. According to the results of the numerical model, the 
armored vehicles have the lowest amount of overtopping in similar conditions to 
other concrete blocks of the block, Haro Block and Tetrapad. 
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Figure 10. Output flow variation diagram in terms of time and average rate of discharge 
out of Armor breakwaters tetrapod blocks. 
 
Table 3. The results of numerical model for relative wave height and wave velocity fluc-
tuation parameters in Flow3D numerical model for different armor. 

Run No. 0
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3

0m

q
gH

 

Tetrapod Block Armour Xblock 

Run No.1 0.77 5.83 × 10−3 0.79 2.39 × 10−2 

Run No.2 1.1 7.98 × 10−4 1.06 1.87 × 10−3 

Run No.3 1.17 2.14 × 10−4 1.21 6.10 × 10−4 

Run No.4 1.47 5.77 × 10−5 1.58 6.77 × 10−5 

Run No.5 1.62 5.72 × 10−6 1.71 3.68 × 10−5 
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Figure 11. Results of numerical model for relative wave height parameters and wave-
length overtopping in Flow3D numerical model for tetrapod armatures, X block. 

5. Conclusion 

The wave and its collision with the port and the coastal structures are always 
problematic, causing erosion of the port and coastal structures, and reduce the 
tourist attraction of some ports. To eliminate and reduce the phenomenon of 
wave overflow, a breakwater is used with various armor covers. One of the solu-
tions is to increase the height of breakwaters in order to reduce further the phe-
nomenon of wave propagation, which increases the cost of debris and increases 
cost. The optimal solution is to use reinforcements instead of increasing the 
height of the crushers to reduce and eliminate the transit phenomenon. Based on 
the results of numerical model, the maximum error of the numerical model for 
the relative height values of the collision waves to the crusher structure is maxi-
mum 7.87% for different conditions. Accordingly, the maximum error of the 
numerical model in determining the fluctuating discharge values as well as the 
laboratory conditions equal to 7.81%. According to the results of numerical 
modeling, the X-block has a lower permeability than the tetrapod armor, so that 
the average flow rate of the X-block reinforcements is about 31% less than the 
tetrapod armors in different conditions of the waves. 
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