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Abstract: Wave overtopping is a common phenomenon that occurs during 

extreme sea conditions, where water waves travel over the surface of an open 

structure towards the sea and pass over its crest. To prevent flooding and 

coastal erosion, rock structures are often constructed as wave barriers along 

the shore. These barriers serve as a solution to mitigate wave overtopping. 

One of the key factors influencing overtopping is the arrival of continuous 

and sufficiently high-water waves that can pass through the top of coastal 

defense structures. Several phase settlement methods have been developed 

and applied to analyze wave overtopping using the Navier-Stokes (NS) 

equation. By employing the finite element method, numerical solutions and 

simulations are sought by inputting specific parameter values. This process 

aims to validate the accuracy of the resulting mathematical model. To 

accomplish this, a program is developed based on the discretization of the 

model, enabling a system analysis approach. The obtained results exhibit 

minimal error values, thereby demonstrating optimal outcomes in terms of 

rock placement. The entire fluid mechanics system analysis is simulated 

using the COMSOL Multiphysics 5.6 program, which provides a 

comprehensive platform for studying and evaluating the performance of the 

wave barrier system. 
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INTRODUCTION 

The interaction between waves and coastal structures has long been a subject of extensive research 

due to its profound implications for coastal engineering and management. In particular, overtopping, the 

phenomenon where waves spill over the crest of coastal structures, poses a significant challenge for 

coastal protection and flood risk assessment (Wang, 2018). Understanding the underlying mechanisms 

and accurately predicting the effects of wave overtopping is crucial for designing resilient coastal 

defenses. 

Among the factors influencing wave overtopping, the presence of rock obstructions near the coastline 

has gained considerable attention. These obstructions, such as natural or placed boulders, alter wave 

dynamics and have the potential to reduce wave overtopping volumes, thus enhancing the resilience of 

coastal structures (Takagi et al., 2020). However, comprehensively assessing the effectiveness of rock 

obstructions and optimizing their design requires advanced numerical modeling techniques capable of 

simulating complex fluid-structure interactions. 

Finite Element Method (FEM) has emerged as a powerful tool for analyzing such intricate phenomena. 

FEM discretizes the domain into smaller elements, allowing for a detailed representation of the physical 

system and capturing localized interactions (Marijnissen et al., 2021). One widely used software 
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package for implementing FEM is COMSOL Multiphysics, which offers a flexible and versatile 

environment for simulating and analyzing complex Multiphysics problems. 

This article presents a finite element model developed using COMSOL software to investigate the 

effects of rock obstructions on wave overtopping at the coastline (van Gent et al., 2022). By utilizing 

COMSOL's capabilities, the model considers various factors such as wave characteristics, rock 

geometry, and coastal topography to simulate the wave-overtopping process accurately. Overall, this 

study aims to contribute to the understanding of wave overtopping at the coastline and provide a reliable 

and efficient numerical tool for evaluating the effectiveness of rock obstructions (H.-P. Chen & 

Mehrabani, 2019). By leveraging the capabilities of COMSOL software, a comprehensive assessment 

of wave overtopping dynamics in the presence of rock obstructions can be achieved, supporting 

informed decision-making in coastal engineering and management practices. 

 

LITERATURE REVIEW 

Excessive seawater runoff can cause abrasion, namely the erosion of land and buildings in coastal 

areas due to destructive ocean waves and currents. This could result in damage or collapse of the 

building. Therefore, a breakwater structure is needed to prevent the entry of sea water into the land 

caused by sea waves. The embankment that is built is often a breakwater structure by having a revetment 

surface consisting of tightly packed concrete blocks and augmented by piles of large stones as a 

breakwater. All of these types of dikes require protection against direct wave erosion, which is usually 

done by using a sea-facing revetment (Altomare et al., 2021). Even though coastal protection structures 

such as breakwaters have been built, it does not mean that it is impossible for sea water to enter the land. 

Water that overtopping through the coastal defenses is also known as overtopping. 

 

OVERTOPPING 

Wave overtopping is influenced by several parameters’ characteristic of sea conditions and the 

geometry of the structure and the shoreline. Wave height (H), period (T), steepness (s) and water depth 

(h) at the toe of the structure are the main parameters to be considered when analyzing the influence of 

sea conditions on runoff. The geometrical parameters of the structure, such as the seashore, the slope of 

the embankment and piles of boulders that can block seawater are also important when studying wave 

overflow (Capel, 2015; Hofland et al., 2017). Since then, various formulas have been developed to 

predict the overflow on a debris pile breakwater which can be rewritten as follows: 

 

𝑞

√𝑔𝑚0
3

= 𝛼 exp [−
𝛽

𝛾
 (

𝑅𝑐

𝐻𝑚0

)

𝑐

] 
(1) 

where: 

q : average overtopping of waves (
𝑚3

𝑠

𝑚

) 

g : acceleration due to gravity (
𝑚

𝑠2) 

𝑅𝑐  : the height of the sea wall relative to the shallow water level (𝑚) 

𝐻𝑚0  : (𝐻𝑚0 = 4√𝑚0 significant wave height of the incident wave at the end of the structure 𝐻𝑠 =

𝐻𝑚0 (𝑚) 

𝛾 : shows the minus effect factor for effects such as the roughness effect 𝛾𝑓 and the skewed wave 

effect 𝛾𝑏 

a,b,c : coefficients 

 

STONE PILE STRUCTURE 

Rock pile structures, also known as rock revetments or rock groins, are commonly employed as 

coastal protection measures to mitigate erosion and enhance shoreline stability. These structures consist 

of strategically placed rocks or boulders along the beach, forming a permeable barrier that dissipates 

wave energy and reduces the impact of coastal processes (Tulus, Sefnides, et al., 2018). This literature 
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review provides an overview of the existing research on rock pile structures, focusing on their design, 

effectiveness, and ecological implications. 

One of the coastal protection structures is to make piles or layers of excavated rock piles, protected 

by rock protection units. The outer armor layer is designed to withstand wave action without significant 

displacement of the armor unit. A layer of quarry bottom or crushed stone supports the armor and 

separates it from the finer material in the embankments or piles. This porous and inclined layer dissipates 

some of the incident wave energy in breaking and friction. A simplified form of rock piles can be used 

for protection sea walls in vertical walls or revetments. Rock pile revetments can also be used to protect 

embankments formed from sand and cement. These rock pile structures tend to be more common in 

areas where harder rock is available (Van Bergeijk et al., 2022). 

Rock pile structures have proven to be effective coastal protection measures, providing erosion 

control and wave energy dissipation benefits. Optimizing their design, understanding their impact on 

sediment transport, and considering ecological implications are key areas of ongoing research. Further 

studies integrating field measurements, numerical modeling, and ecological assessments are necessary 

to enhance our understanding of rock pile structures and inform their sustainable implementation along 

coastal environments. 

 

GENERAL WAVE EQUATION 

The first equation that describes the motion of an incompressible fluid flow is the equation of the 

conservation of mass (Esteban et al., 2022): 

 
𝜕𝑈𝑖

𝜕𝑥𝑖
= 0 (2) 

 

In addition, the momentum conservation equation in the Reynolds Averaged Navier-Stokes (RANS) 

form is applied to account for turbulence effects, where the velocity components are separated into 

averaged components and fluctuate and are averaged over time. This process introduces an additional 

Reynolds-stress tensor 𝜌 𝑢𝑖
′, 𝑢𝑗

′ in the momentum equation to model in terms of the average flow 

characteristic is: 

 
𝜕𝑈𝑖

𝜕𝑡
+

𝜕(𝑈𝑖𝑈𝑗)

𝜕𝑥𝑗
=

1

𝜌
 

𝜕

𝜕𝑥𝑗
− (𝜌𝜕𝑖𝑗 + 2𝜇𝑆𝑖𝑗 − 𝜌( 𝑢𝑖

′, 𝑢𝑗
′ + 𝐹𝑖 + 𝑆𝑖) (3) 

 

𝑆𝑖𝑗 =
1

2
(

𝜕𝑈𝑖

𝜕𝑥𝑖
+

𝜕𝑈𝑗

𝜕𝑥𝑗
) (4) 

 

where 𝑖, 𝑗 =  1,2,3 are three spatial dimensions, 𝑈𝑖 is the i-time average velocity component, 𝑢𝑖
′  is the 

fluctuating velocity component, 𝜌 is the fluid density, 𝑆𝑖𝑗 is the viscous stress tensor and 𝜕𝑖𝑗 is the 

Kronecker delta function. 𝜌 stands for pressure, 𝐹𝑖  is the ith component of the external field force per 

unit mass. The acceleration due to gravity in this particular case and 𝑆𝑖 represents the possible source or 

sinking of the ith component of momentum. 

Based on the wave equation that is widely applied to solve energy problems, the water wave equation 

is applied by choosing a momentum balance problem which can be written as: 

 
𝜕𝑴

𝜕𝑡
+ ∇𝑇 =  

𝜏𝑤

𝜌𝑤𝑔
 (5) 

 

where 𝑴 = [𝑀𝑥, 𝑀𝑦]
𝑇
 is a momentum vector, ∇𝑇 is the wave momentum variable at pressure flux, 𝜏𝑤 is 

the vector value of wind stress, 𝜌𝑤 is the density of water and 𝑔 is the value of the acceleration due to 
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gravity. Based on research from [12], the equipartition assumption of the problem of kinetic and 

potential energy in waves is written as: 

 

𝑀𝑥 = ∫ ∫
𝐹(𝑓, 0)

𝐶𝑝(𝑓)
cos 𝜃  𝑑𝜃 𝑑𝑓

0

2𝜋

0

∞

 (5) 

 

𝑀𝑦 = ∫ ∫
𝐹(𝑓, 0)

𝐶𝑝(𝑓)
cos 𝜃  𝑑𝜃 𝑑𝑓

2𝜋

0

∞

0

 (6) 

 

where the value of 𝐶𝑝 is a wave in phase with velocity, and 𝐹 is a 2-dimensional wave spectrum at 

frequency 𝑓 and space direction 𝜃. Then the relationship between the velocity, 𝐶𝑝, towards the peak 

frequency 𝑓𝑝 using the linear wave equation in deep water is: 

 

𝑐𝑝 =  
𝑔

2𝜋𝑓𝑝
 (7) 

 

FINITE ELEMENT METHOD 

Finite Element Method (FEM) has emerged as a valuable numerical tool for simulating complex 

fluid-structure interactions in coastal engineering (W. Chen et al., 2022). The method used in numerical 

calculations is the finite element method. The finite element method is one of the numerical methods 

that can be used to solve structural problems. In this method all complex problems such as shape 

variations, boundary conditions and loads are solved by approximation methods. The finite element 

procedure reduces the unknown variable to a finite number by dividing the solution area into subsets 

called elements and expressed as the unknown field variables in terms of approximation 

functions/interpolation functions/shape functions within each element. 

FEM has been extensively utilized to investigate wave-overtopping phenomena and evaluate the 

performance of coastal structures. Studies by (Hasanpour et al., 2021; Zheng et al., 2018) employed 

FEM to simulate wave transformation, wave-structure interaction, and wave overtopping processes. 

These studies demonstrated the ability of FEM to capture the complex hydrodynamic behavior near the 

coastline and provided valuable insights into wave overtopping characteristics. To optimize the design 

of rock obstructions and maximize their effectiveness in reducing wave overtopping, sensitivity analyses 

and optimization techniques have been employed in FEM studies. For example, (Latham et al., 2009) 

conducted a sensitivity analysis using FEM to evaluate the influence of different rock groin 

configurations on wave overtopping reduction. The study identified the optimal dimensions and spacing 

of rock groins for minimizing wave overtopping volumes. 

 

METHOD 

To illustrate the first step of defining the problem and establishing objectives in developing a finite 

element model for the study of rock obstruction on wave overtopping. As a first step to building a 

breakwater model, a rock pile database has been designed with various geometries. Numerical 

reconstruction of the breakwater originating from the rock structure will be tested and simulated using 

the COMSOL program. Depth to sea level has been defined in the COMSOL program, whereas the 

distance of height and slope of a wave defense comes from the source of the development of a paper on 

overtopping that allows proper interaction with the incident wave. The following data can be used in the 

formation of a coastal defense model using a layer rock structure in COMSOL: 

1. Structure Geometry: 

   - Dimensions: Height = 5 meters, Width = 10 meters, Depth = 2 meters. 

   - Rock Pile Configuration: The rock pile is pyramid-shaped with specific height and slope angles. 
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2. Material Properties: 

   - Rock Density: 2500 kg/m^3. 

   - Rock Strength: Compressive strength of 20 MPa. 

   - Surface Roughness: Roughness coefficient = 0.05. 

   - Porosity: 35%. 

   - Permeability: 1.5 x 10^-5 m/s. 

3. Boundary Conditions: 

   - Incoming Waves: Waves with a specific energy spectrum and incoming direction. 

   - Tides: Tidal height varies according to the local tidal schedule. 

   - Current: Horizontal current with a velocity of 0.5 m/s in a specific direction. 

   - Wind: Wind with a velocity of 10 m/s blowing towards land. 

4. Hydrodynamic Properties: 

   - Wave Velocity: 3 m/s. 

   - Wave Period: 8 seconds. 

   - Wave Incidence Angle: 45 degrees with respect to the x-axis. 

5. Solver Settings: 

   - Numerical Method: Finite Element Method. 

   - Time Step Size: 0.1 seconds. 

   - Solver Convergence: Convergence tolerance of 1e-6. 

   - Simulation Domain: The simulation domain includes the area around the rock structure  

This data will be used in COMSOL to build mathematical models, enter these parameters and conditions, 

and perform numerical simulations that describe the behavior of rock structures against ocean waves. 

So that the model created will form like in this image in COMSOL 

 
Fig 1. Stone Pile Structure  

Furthermore, to analyze the drag on the rock structure, the finite element method is used with 

numerical solutions and simulation using the specified parameter values. This is done to test the validity 

of the resulting mathematical model. For this purpose, it is necessary to build a program that produces 

model discretization results and analyzes the systems approach. Thus, results are obtained which have 

a very small error rate and can prove optimal results in the design of rock structures. Accurate numerical 

simulation of waves overflowing over the crest of a structure requires adequate numerical treatment of 

all relevant physical processes. 

To predict the fluid velocity and pressure around rocks on the coast, the following partial differential 

equations are used to describe fluid movement. The Navier-Stokes equations are expressed as follows 

(Tulus, Mardiningsih, et al., 2018): 

 

𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝜇∇𝑢) = −∇𝑝 + 𝜇∇2𝑢 + 𝑓 (8) 

 

∇ ∙ u = 0 (9) 

https://doi.org/10.33395/sinkron.v8i3.12617


 

 

Sinkron : Jurnal dan Penelitian Teknik Informatika 

Volume 8, Number 3, July 2023 

DOI : https://doi.org/10.33395/sinkron.v8i3.12630   

e-ISSN : 2541-2019 

 p-ISSN : 2541-044X 
 

 

name of corresponding author 
  

 
This is an Creative Commons License This work is licensed under a Creative 
Commons Attribution-NonCommercial 4.0 International License. 1624 

 

where 𝜌 is the fluid density, 𝑢 is the fluid velocity vector, 𝑝 is the fluid pressure, 𝜇 is the fluid viscosity, 

𝑓 is the force acting on the fluid, ∇ is the nabla operator, and ∇2𝑢 is the laplacian of the fluid velocity 

vector. 

The momentum equation (8) describes the conservation of fluid momentum, stating that the change 

in fluid momentum within a volume must be equal to the sum of forces acting on the fluid within that 

volume. Furthermore, the continuity equation (9) represents the conservation of fluid mass, stating that 

the volume of fluid entering an area must be equal to the volume of fluid exiting that area. Hence, from 

these two equations, turbulent transport and turbulent kinetic energy in the fluid can be formed, where 

𝑘 represents turbulent kinetic energy, and 𝜖 represents the rate of turbulent dissipation. 

 
∂(ρk)

𝜕𝑡
+ ∇ ∙ (ρku) = ∇ ∙ (μ e f f ∇k) + Pk − ϵ 

∂(ρϵ)

𝜕𝑡
+ ∇ ∙ (ρϵu) = ∇ ∙ (μ e f f ∇ϵ) + 𝐶1𝜖 (

𝜖

𝑘
) − 𝐶2𝜖 (

𝜖

𝑘
)

0.5

 

(10) 

 

Thus, equations 8, 9 and 10 will be used in fluid modeling to predict fluid movement around rocks 

on the coast and other locations. This fluid modeling can be used to understand fluid behavior and design 

structures resistant to fluid pressure, such as seawalls or coastal barriers. 

The COMSOL program is already based on the Navier-Stokes equation which uses the shallow water 

flow method to view the free surface. So, the general Navier-Stokes equation can explain this flow 

process (Tulus et al., 2019) [18]: 

 

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

1

𝜌
 
𝜕𝑝

𝜕𝑥𝑖
+ 𝑣

𝜕2𝑢𝑖

𝜕𝑥𝑗
 (11) 

 

the equation after this statement 𝑣 is the molecular viscosity, 𝑢𝑖 is the 𝑖 variable component from time 

to time and 𝜌 the instantaneous effective pressure and  𝑔𝑖 the 𝑥𝑖 variable component for the gravitational 

force. Various models of turbulence are available. On the issue of coastal hydrodynamics, the COMSOL 

program has been well tested. 

 

RESULT 

In this section, plots are created using the plot function in COMSOL. The x-axis represents the slope 

angle of the rocks in degrees, while the y-axis represents the drag force in kN/m. The plot title indicates 

the input parameters used in the model. 

 

 
Fig 2. Slope Angle of Coastal Rock Structure 
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In the plot, it can be observed that the drag force on the rocks reaches its maximum at an approximate 

slope angle of 45 degrees. As the slope angle decreases, the drag force experienced by the rocks 

decreases as well. This plot can be used to calculate the drag force under various different sea conditions 

and can be utilized in the planning of coastal structures such as seawalls or jetties. 

In overtopping analysis, the height of the sea waves is used as a parameter to predict the amount of 

seawater that may overflow through coastal defense structures, such as seawalls or breakwaters. The 

higher the sea wave, the greater the likelihood of overtopping. In this case, data on the height of the sea 

waves can be used to calculate parameters such as significant wave height, dominant wave period, or 

other relevant characteristics in overtopping analysis. Here is the plot generated by the program in 

calculating the random sea water level. 

 

 
Fig 3. Random Wave Height 

 

Next, a model will be generated to calculate the drag force on coastal protection structures with 

varying widths along the coastline. This model is based on parameters such as significant wave height 

(Hs), peak wave period (Tp), dominant sand grain size (d50), seawater density (ρw), rock density (ρs), 

drag coefficient (Cd), scale factor alpha, number of points on the coastline (N), coastline length (L), 

height of the coastal protection wall (h), and slope angle of the rocks (θ). 

In this model, these parameters are used to calculate the drag force acting on the coastal protection 

wall due to the presence of ocean waves. Firstly, these parameters are used to calculate beta, which is a 

coefficient associated with these parameters. The width of the coastline (b) is then calculated based on 

the scale factor alpha and the position on the coastline (x). Subsequently, the slope angle of the rocks 

(θ) is calculated based on the height of the coastal protection wall (h) and the width of the coastline (b). 

Following that, the drag force on the rocks (Fh) is calculated based on the slope angle of the rocks (θ) 

and the beta coefficient. The results of this model are then plotted on a graph, with the x-axis 

representing the position on the coastline (m) and the y-axis representing the drag force (kN/m). 

 

 
Fig 4. Rock Resistance Force 
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From this model, the drag force is calculated at each point based on the sea water level above the 

seabed, seawater density, rock density, and drag force scale factor. The upper and lower limits of the 

drag force are set as 0.2 and 0, respectively. Then, the simulation results are plotted in the form of a two-

dimensional image, which shows the sea water level and drag force at each point. 

 

 
Fig 5. Simulating the drag of the rock layers 

 

For the numerical simulation of fluid flow through a 2D rock field, the rocks are located at the center 

of coordinates and the rock surface is defined by the function h(x, y). At each time iteration, the program 

calculates the wave height and water velocity to determine the horizontal water velocity above the rocks. 

The program then computes the drag force at each point on the rock surface using Newton's drag law. 

The water discharge passing through the rocks is calculated as the sum of drag forces on each side of 

the rocks. The program also calculates the changes in velocity and position of the rocks at each time 

iteration using Newton's equations of motion. During the simulation, the program plots the rock surface 

and flow every 100 time iterations using the surf and quiver functions. These plots provide a visual 

depiction of how the flow passes through the rocks in the 2D field. 

 

 
Fig 6. Numerical simulation of fluid flow on rock surfaces 

 

Next, a graph will be shown depicting the variation of wave overtopping discharge over the 

measurement time. Wave overtopping discharge is the average discharge per linear meter with a width, 

q, for example, in m³/s per m. In the graph, the data points of the overtopping discharge (indicated by 

blue markers) and the red dashed line representing the average discharge can be observed. This graph 

provides a visualization to observe the pattern of wave overtopping discharge within the given time 

range. 
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Fig 7. Wave overflow discharge against time 

 

In the first part, there are settings for the measurement time parameter, 𝑡, in hours, and the height of 

the sea wave, 𝐻𝑠, in meters. This data is used as input to calculate the wave overtopping discharge. 

Next, the wave overtopping discharge is calculated by multiplying the wave height, 𝐻𝑠, by the 

conversion factor of 100 to change the unit from meters to centimeters. The result is stored in the variable 

"debit" (discharge). After that, the average discharge (average debit) is calculated using the mean 

function on the discharge data. Next, a graph of the significant wave height 𝐻𝑚0 for the given geometry 

will be displayed. 

 
Fig 8. The result of the layer geometry 

 

These results look at how the conditions of the waves and sea walls overtopping and the iteration 

conditions with two trials. 

 

Table 1. Wave Conditions and Water Level Before and After Hitting the Breakwater 

Wave Conditions and Water Height 
Trial 

1 2 

𝐻𝑚0(𝑚) 
2.65 2.86 

2.29 2.58 

𝑇𝑚−1,0(𝑠) 
7.29 7.01 

7.66 7.60 

𝑆𝑊(𝑚) 
3.13 2.62 

2.33 2.60 
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DISCUSSIONS 

The data provides information on the height of the sea wave and the change in water level after the 

sea wave hits the seawall under various conditions. In the first experimental geometry, the height of the 

sea wave before hitting the seawall was 2.65 meters, which then decreased to 2.29 meters after hitting 

the seawall. The tidal period of the sea wave was 7.29 seconds, and during high tide, the recorded time 

was 7.66 seconds. The shallow water level before the sea wave hit the seawall was 3.13 meters, which 

decreased to 2.33 meters after the sea wave hit the seawall. Moving on to the second experimental 

geometry, the height of the sea wave before hitting the seawall was 2.86 meters, which then decreased 

to 2.58 meters after hitting the seawall. The tidal period of the sea wave was 7.01 seconds, and during 

high tide, the recorded time was 7.60 seconds. The shallow water level before the sea wave hit the 

seawall was 2.62 meters, which decreased to 2.60 meters after the sea wave hit the seawall. 

With this table, we can observe the changes in wave conditions and water levels before and after they 

hit the wave breakers. The data provides insights into the significant wave height, dominant wave period, 

and sea surface height that occur in specific situations. The results of this research provide an 

understanding of wave conditions and changes in water levels before and after sea waves hit the seawall. 

This data can be used as a reference in designing effective coastal defense structures to reduce the risk 

of overtopping and protect coastal environments and communities from flooding and damage caused by 

wave surges. 

 

CONCLUSION 

The results of the developed numerical approach using a finite element-based numerical model can 

predict the level of overtopping that occurs on coastal defense structures attacked by waves. By utilizing 

accurate computational analysis, this research can provide reliable estimates of the potential amount and 

level of overtopping. This significantly contributes to evaluating the effectiveness of existing defense 

structures and designing more effective solutions to reduce the risk of overtopping. The approach differs 

from traditional methods as it incorporates the flow of water penetrating the seawall from the porous 

rock media into the flow simulation. The constructed structure is modeled with stacked rocks as coastal 

protection. By comprehensively analyzing the rock structure, this research provides information on the 

optimal shape, size, and layout of the rocks in facing high sea waves. 
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