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Abstract: In this study, we analyzed the wave dynamics in a nearshore region protected by a vertical 
breakwater through computational fluid dynamics (CFD) simulations. The focus was placed on evaluating 
the role of vertical wall roughness in influencing wave energy dissipation and overtopping behavior when 
waves encounter coastal structures. Four wall conditions were modeled with varying roughness coefficients: 
A smooth wall (NR = 0.0), and progressively rougher walls denoted as WR1 (0.5), WR2 (0.75), and WR3 
(1.0). These cases were designed to systematically assess how increased surface roughness affects the 
hydrodynamic response of waves in front of and behind the breakwater. The simulation results demonstrated 
a clear trend: As wall roughness increased, the overtopping water depth consistently decreased. Specifically, 
the overtopping values were 0.083 m for the smooth wall (NR), followed by 0.082 m, 0.081 m, and 0.0719 m 
for WR1, WR2, and WR3, respectively. This suggests that increased wall roughness enhances wave energy 
dissipation, thereby reducing the volume of water overtopping the structure. These findings highlight the 
critical role of structural surface characteristics in coastal defense design. Incorporating surface roughness 
into vertical breakwater modeling can contribute to more effective wave energy attenuation, potentially 
improving the resilience and performance of coastal protection systems under wave impact.
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1. Introduction
Wave characteristics near coastal regions 

are topics of great interest and importance to 
coastal engineering and oceanography. Waves, 
primarily generated by wind and natural forces, 
have the potential to cause erosion, coastal 
flooding, and damage to coastal infrastructure 
and ecosystems [1-5]. Wave height reduction 
approaches, which include strategies such as 
submerged structures and breakwaters, have 
explored the potential of various configurations 
such as submerged panels, breakwaters, porous 
structures, and perforated screens. Strategic 
placement of these structures dissipates wave 
energy, reducing wave heights and protecting 
coastal areas [6-8].

Natural features like vegetation reduce wave 

height such as mangroves, salt marshes, and 
other plants along the coast not only help the 
environment, but they also help to spread and 
absorb waves [9-12].

New methods have been created to deal 
with this problem, such as using air bladder 
systems and submerged floating cylinders. 
These methods, by injecting air bubbles or 
using floating structures, aim to disrupt wave 
propagation and reduce wave height by 
dissipating wave energy [13-16].

Extreme weather events can generate large 
waves, and when the height of incoming waves 
exceeds the crest elevation of a coastal or 
hydraulic structure, wave overtopping occurs. 
Such extreme waves have been responsible 
for significant damage to both offshore and 
nearshore structures due to the enormous 
impact forces produced by wave impingement 
[17], [18]. When waves break directly on a 
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vertical-faced coastal structure, they produce 
impact (or shock) pressures characterized by 
extremely high intensity and much shorter 
duration compared to non-breaking waves, 
which can lead to structural damage and surface 
erosion over time [19]. If the wave energy and 
height are sufficiently large, water may overtop 
the structure crest, resulting in overtopping 
waves and associated hazards. 

Overtopping occurs when incident waves 
exceed the beach freeboard, allowing a 
significant volume of water to cross coastal 
dunes or structures and inundate previously 
protected areas. This phenomenon has been 
extensively studied to inform the design and 
optimization of coastal defense systems, such 
as dikes, seawalls, and revetments [20-26]. 
Accurately estimating wave overtopping is 
essential for improving coastal risk management 
strategies, particularly those aimed at mitigating 
flood-related hazards and storm surge impacts 
in vulnerable regions [27].

Wave overtopping plays a critical role in 
coastal erosion processes, as the forceful flow 
of water over structural crests can mobilize and 
transport sediment, ultimately destabilizing 
the shoreline and contributing to long-term 
morphological changes [28-32]. Furthermore, 
the discharge of overtopped water onto adjacent 
land can inundate low-lying hinterlands, 
leading to significant damage to infrastructure, 
agricultural zones, and residential areas, while 
also posing direct risks to human safety [33-36].

In this study, wave behavior in front of vertical 
structures with varying surface roughness 
was analyzed through computational fluid 

dynamics (CFD) simulations. The simulations 
were conducted using regular wave boundary 
conditions and were based on fourth-order 
Stokes wave theory. Four roughness conditions 
were modeled, with roughness coefficients 
ranging from 0.0 to 1.0 to represent increasing 
wall vertical. The results indicate that surface 
roughness has a noticeable effect on wave 
attenuation. While the reduction in wave height 
was relatively modest in the lower roughness 
cases, a significant decrease was observed when 
the roughness coefficient reached its maximum 
value (WR = 1.0). This suggests that high surface 
roughness contributes meaningfully to wave 
energy dissipation and can be a key factor in the 
design of effective coastal defense structures.
2. Method

The wave flume had a length of 8.5 m and 
a height of 0.6 m. The water level (h) was 
established at a height of 0.25 m. A structure of 
0.2 m in length and 0.3 m in height was positioned 
at the coordinates (7.5, 0 m). In addition, a wave 
creation device was erected at the coordinates 
(0.2, 0 m). The grid was partitioned into two 
sections: A larger grid including the entire area, 
and a smaller grid focusing on the x values 
ranging from 7.2 m to 8.5 m and the y values 
ranging from 0 to 0.6 m (Figure 1). The mesh was 
created using a rectangular quadrilateral grid 
with a linear element order, resulting in a total 
of 37,340 nodes and 18,140 elements (Table 1).
2.1. Computational fluid dynamics 

The numerical model uses the incompressible 
RANS equations to express the motion of a fluid 
consisting of a mass conservation Equation (1) 
and a momentum conservation Equation (2). 

 

 

(1)

(2)

(3)
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Which t is the time, ui (u = x,y) are the 
Cartesian components of the fluid velocity, ρ is 
the fluid density, μef dynamic viscosity, and p is 
pressure, and Γ external body force. Turbulent 
effects are incorporated in the RANS equations 
(1) and (2) by solving one or more additional 
transport equations to yield a value for the 
turbulent kinematic viscosity and equation (3) 
where k is the turbulent kinetic energy, is the 
production term of, is the kinematic viscosity, 
is the turbulent kinematic viscosity, ω is the 
specific dissipation rate, β = 0.09 for a single 
fluid is the incompressible k-ω SST model;  
2.2. Volume of fluid mode 

Volume of fluid (VOF) model considered a 

standard laboratory environment in which two 
phases of air and water phases (air primary 
phase and water secondary phase) to account 
for the water-air interaction in Computational 
fluid dynamics (CFD) wave flumes. The 
properties of these phases were as follows: ρf = 
998.2 kg/m3, μf = 0.001 (kg/ms), ρa = 1.225 (kg/
m3), and μa = 1.789*10-5 (kg/ms) Computational 
process cells containing both fluid phases are 
used to compute the mixture average density 
and viscosity using the following equation (4):

 

Table 1. Properties generated mesh grid

Type meshing/ Method Nodes Elements Average 
surface area (m2)

Element 
order

Grid size 
(m)

Rectangular/Quadrilaterals 37340 18140 1.77 Linear 0.02

Table 2. Wave boundary condition

(4)

Wave 
theory

Wave  
regime

Wave  
height (H)

Wave
length (L)

Wave  
steepness (H/L)

Liquid  
Depth (h)

Ursell  
Number H*L2/h3

4th-order-
Stokes

Shallow/
Intermediate 0.15 1.5 0.10 0.25 21.6

Figure 1. Mesh grid structure: a) mesh in the black area has a grid size of 0.01 m, with a coarser grid of 0.02 m, 
while the blue area indicates a water depth of 0.25 m. b) enlarge the tank located behind the structure
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2.3. Theory wave Stokes 
A numerical model was used to simulate 

the propagation of waves in a wave field with 
shallow to intermediate water depths. At 
the inlet boundary, we established the initial 
wave conditions with a wave height (H) of 
0.15 m and wavelength (L) of 1.5 m (Table 2). 
We utilized Stokes 4-th theory in ANSYS Fluent 
to conduct a simulation of wave propagation 
and determine the value of the free surface 
height (ζ) as eq (5);

Where, ξ = πH/2, wave number k=2π/L, c is 
the wave celerity, and bij are constants explained 
in Fenton (1990) [37]. Wave properties should 
be set in terms of the Ursell number (HL2/h3), 
relative wave height (H/h), wave steepness 
(H/L), and wave regime (h/L) within the stability 
and breaking limits to ensure that the wave 

theory with shallow or intermediate water 
suitable (Table 2).
2.4. Roughness

Roughness-wall, it is essential to determine 
the roughness height (Ks) and the roughness 
constant. The lack of roughness suggests the 
walls have a smooth surface structure. To 
enhance the visibility of the roughness, adjust 
the roughness height (Ks) to a non-zero value., 
these characteristics are employed. The selection 
of a suitable roughness constant (Cs) is primarily 
determined by the specific type of roughness. 
The roughness constant (Cs = 0, 0.5, and 1.0) was 
selected to precisely reproduce the resistance 
values seen by Nikuradse for pipes with densely 
packed, uniform roughness caused by sand 
grains. This selection was made in combination 
with k-epsilon turbulence models. In this study, 
roughness parameters are defined as follows: NR 
= 0, WR = 0.5, WR = 0.75, and WR = 1.0 for the 
roughness height (Ks) and roughness constant 
(Cs) (Table 3). Instead of utilizing physical 
roughness derived from finite elements.

(5)

Table 3. Roughness parameter

# Case Roughness height (Ks) Roughness constant (Cs)
No.1 NR-0.0 0.0 0.0
No.2 WR-0.5 0.5 0.5 
No.3 WR-0.75 0.75 0.75 
No.4 WR-1.0 1.0 1.0

3. Result

3.1. Wave propagation process
Figure 2 shows a time-resolved sequence 

of water volume fraction contours that visually 
depict the evolution of wave propagation under 
different wall roughness conditions (WR = 
0.0, 0.5, 0.75, and 1.0) from t = 0 s to t = 60 s. 
Each column (a to d) corresponds to a specific 
roughness case, while each row represents 
a snapshot at regular 10-second intervals, 
capturing the spatiotemporal changes in free 
surface profiles as waves interact with the 
vertical breakwater.

In the smooth-wall scenario (Column a, NR = 
0.0), the initial condition at t = 0 s shows a flat free 

surface with no visible perturbations. By t = 10.5 
s, well-defined wave crests begin to emerge and 
propagate uniformly across the domain. These 
periodic waveforms remain coherent through 
subsequent frames, with minimal deformation 
observed up to t = 60 s. The high regularity 
and amplitude preservation throughout the 
column suggest negligible energy loss, which is 
consistent with the expectation for a smooth, 
non-resistant wall.

As roughness is introduced (Column b, WR 
= 0.5), wave behavior begins to deviate slightly 
from the smooth-wall case. Starting at t = 10.5 s, 
wave crests become evident, but their shape is 
less uniform. Over time, the crest lines become 
increasingly irregular, particularly noticeable 
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from t = 30.5 s onward. The water surface 
appears more disturbed, with minor reductions 
in wave height and increased turbulence along 
the wall interface, indicating moderate energy 
dissipation due to frictional effects.

This trend intensifies in Column c (WR = 
0.75), where surface roughness further disrupts 
the wave structure. At early stages (e.g., t = 10.5 
s), the waveforms already exhibit asymmetry 
and slight amplitude decay. As time advances, 
the crest-trough pattern loses uniformity, and 
the wave height visibly diminishes, especially in 
the later frames (t = 50.5 s to 60 s). The visual 
evidence supports stronger wave attenuation 
and disorganized flow near the wall, suggesting 
that increased roughness amplifies viscous and 
turbulent energy losses.

In Column d (WR = 1.0), which represents the 
highest roughness condition, wave deformation 
is most severe. From the onset of wave 
propagation, the free surface is characterized 
by fragmented wavefronts and irregular 
contours. The volume fraction contours indicate 
significant mixing and chaotic behavior close to 
the wall boundary. By t = 60 s, the waveform 
is no longer clearly defined, with drastically 
reduced amplitude and disturbed flow fields-
clear evidence of maximal energy dissipation.

Overall, the figure demonstrates a 
progressive transition from coherent, high-
energy wave propagation in the smooth-wall 
case to severely damped, irregular motion in 
the roughest scenario. The contours reveal how 
increasing wall roughness intensifies viscous 
damping, disrupts the organized structure 
of wave crests and troughs, and reduces the 
capacity of the wave to retain energy during 
propagation. These findings reinforce the 
critical role of structural surface characteristics 
in coastal engineering design, particularly in 
enhancing the energy dissipation capacity of 
vertical breakwaters and reducing overtopping 
risk in nearshore environments.
3.2. Influent roughness

Figure 3-a, d presents the wave reflection 
characteristics under different wall roughness 

conditions, corresponding to roughness 
coefficients of NR = 0.0 (smooth wall), WR = 
0.5, WR = 0.75, and WR = 1.0. At a fixed free 
surface elevation of 0.4 m, the significant wave 
height (Hs) observed for the cases of NR, WR 
= 0.5, and WR = 0.75 is approximately 0.21 
m. In contrast, for the highest roughness case 
(WR = 1.0), the free surface and significant 
wave height are slightly reduced to 0.39 m 
and 0.20 m, respectively, as shown in Figure 
3-d. Throughout the 60-second simulation 
period, wave trains continuously propagate 
from the offshore boundary toward the vertical 
breakwater. As they encounter the structure, 
the reflected wave energy varies with surface 
roughness, represented by the wave reflection 
coefficient. It is evident from the results that both 
the roughness height (Ks) and the roughness 
constant (Cs) play key roles in modulating wave 
reflection behavior and energy dissipation near 
the wall. Notably, across all cases, the wave 
amplitude begins to decrease significantly 
after approximately 10 seconds of interaction 
with the structure. This trend is consistent 
regardless of the specific roughness coefficient, 
indicating the general influence of structural 
interference on wave energy decay. However, 
as the roughness level increases, the reduction 
in wave magnitude becomes more pronounced, 
particularly in front of the breakwater. This is 
attributed to enhanced turbulent interactions 
and frictional losses associated with higher 
roughness parameters. Furthermore, the 
volume of water transmitted or overtopped 
beyond the wall also diminishes with increasing 
roughness, reinforcing the energy-dissipative 
effect of rough surfaces. These effects are 
clearly visualized in the contour sequences 
shown in Figure 3. Specifically, subfigures a-1 
to a-7 correspond to the smooth wall case 
(NR = 0.0), b-1 to b-7 illustrate WR = 0.5, c-1 
to c-7 represent WR = 0.75, and d-1 to d-7 
correspond to WR = 1.0. These visualizations 
further emphasize the progressive attenuation 
and scattering of wave energy due to increased 
surface roughnes.
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Figure 3. Free surface water (Volume fraction) height simulation. a) NR = 0, b) WR = 0.5, c) WR = 0.75, and d) 
WR = 1.0. The simulation is based on an incident wave with a significant wave height H0 = 0.15 m, wave-length 

L0 = 1.5 s, and still depth water h = 0.25 m
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3.3. Overtopping discharge estimates
Generally, most of the overtopping waves 

captured in the CFD simulations exhibit relatively 
small volumes, with only a small fraction of 
waves resulting in significantly larger overtopping 
events. The maximum volume of overtopping 
observed in a given sea state is influenced by 
several factors, including the mean overtopping 
discharge (Q) equation (6), the total wave 
duration, and the proportion of waves that 
contribute to overtopping. These parameters 
collectively determine the cumulative 
overtopping volume, which is a key metric in 
evaluating the performance of coastal protection 
structures. Figure 4 illustrates the post-structure 
overtopping region, modeled as a 2D tank with 
spatial boundaries defined by (x = 7.7 : 8.5 and y 
= 0 : 0.6) discretized with a uniform grid spacing 
of 0.01 m. This results in a high-resolution 
computational mesh composed of (61*80) = 
4880 cells. Each cell represents a volume element 
that is used to determine fluid presence through 
the Volume of Fluid (VOF) method.

Qtotal = Number of cell * Grid spacing	         (6)

The total physical area of this domain is 
calculated as the number of cells multiplied by 
the cell area, yielding an overall overtopping 
evaluation domain of approximately 0.488 m. 
The VOF technique identifies water-filled cells 
with a volume fraction (αf  = 1), distinguishing 
them from air-filled cells where (αa  = 0). 

This binary classification enables a precise 
quantification of overtopping water volumes 
under different surface roughness conditions. In 
the case of a smooth wall (NR = 0.0), 836 grid 
cells were identified as water-filled, resulting 
in a total overtopped area of 0.0836 m. As the 
wall roughness increased, a gradual reduction in 
overtopped area was observed. For WR = 0.5, the 
number of water-filled cells decreased to 820, 
corresponding to an overtopping area of 0.0820 
m. At WR = 0.75, this number further reduced to 
815 cells, or 0.0815 m. The lowest overtopping 
volume was recorded at the highest roughness 
level (WR = 1.0), with only 719 water-filled cells, 
equating to a significantly lower overtopped 
area of 0.0719 m (Table 4).
4. Conclusion

The CFD simulations varied the roughness 
coefficient with constants (NR = 0, WR = 0.5, 
WR = 0.75, WR = 1.0). These constants slightly 
impacted the wave characteristics in front of the 
vertical wall but not significantly. The difference 
became noticeable when the roughness 
coefficient reached its maximum value (WR = 
1.0), where the recorded wave height was 0.2 m 
compared to 0.21 m in other cases.

Additionally, the variation in roughness 
parameters between cases can be observed 
through overtopping discharge. The results 
show that the water overtopping rate tends to 
decrease as the roughness coefficient increases: 
(NR = 0.0) 0.083 m, (WR = 0.5) 0.082 m, (WR = 
0.75) 0.081 m, and (WR = 1.0) 0.0719 m. 

Table 4. Total volume fraction of water overtopping the structure

# Case Water area (m)
No.1 NR=0.0 0.0836 
No.2 WR=0.5 0.0820 (-1.98%)
No.3 WR=0.75 0.0815 (-1.97%)
No.4 WR=1.0 0.0719 (-1.86%)
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