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Abstract - Seawalls are structures constructed along the coastline for effective energy dissipation. It is imperative to study 

the wave forces on the structure and response thereof for designing such structures. The research on the performance of 

coastal structures connotes the utilisation of the Irribaren number (ξ), which is a function of wave parameters and the slope 

of the structure over which the wave attacks. It is an uphill task to investigate the effect of changing the slope of seawall over 

the wave parameters experimentally. Therefore, the use of a numerical tool can provide an agile alternative. To choose the 

appropriate method for this analysis, a thorough literature review is performed. From the inferences, the VOF-FEM coupled 

tool is selected to address wave structure interaction studies for coastal structures wherein no transmission of wave and thus 

no mixing of the incident and reflected flow in the computational domain is expected. The Numerical model is further tested 

to study the effect of the inclination of the structure over the run-up pressure experienced by the structure. The results 

matched well with an experimental trial performed and with previous work in similar conditions from the literature. The 

results are presented, and the feasibility of using VOF-FEM coupling for shoreline non-wave transmitting structures is 

discussed. 
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1. Introduction 
Coastal erosion due to the impact of waves is prominent 

on unsupported coasts. To protect the coastline from 

erosion, the dissipation of wave energy is essential. This can 

be achieved by the construction of seawalls, breakwaters, 

groins, etc., which are constructed along a coastline. For 

designing such structures, it is imperative to study the wave 

forces on the structure and note the response thereof. Such 

wave structure interaction studies are carried out using 

analytical, experimental, and numerical techniques [1]. The 

research to date focuses on two primary elements in the 

performance of the structure, the first being the energy 

dissipation, which can be denoted by wave dissipation, 

transmission, or pressure experienced by the seawall over 

its surface length; the other being the surf similarity 

parameter (Irribaren number). The Irribaren number is a 

function of the slope of the structure and the incident wave 

parameters.  

 

The majority of the research to date focuses on varying 

the wave parameters in the Irribaren number term [2]. This, 

of course, helps to comment on the performance of the given 

structure over different wave conditions. However, to 

understand the role of structure in energy dissipation, the 

parameters of the structure need to be identified and varied, 

perhaps to determine the most prominent element. In this 

study, a smooth non-porus slope of the structure is taken 

into consideration. Few researchers have conducted 

experimental investigations on the seawall with varying 

slopes to assess wave reflection performance. [3]–[6] 

However, no numerical study is found to be focusing on the 

utilisation of a numerical tool for assessing the effect of 

changing slopes of seawall over energy dissipation. Once it 

is achieved, it would be possible to widen the possibilities 

of research in this domain.  

 

Among the analytical procedures, the commonly 

adopted methods are the use of Morison’s equations, 

Navier-stokes equation, Lagrangian method, etc., to predict 

wave conditions, and the Van der meer equation is used for 

structural design. For complicated cases, it would be tedious 

to solve the equations analytically considering the time 

constraints. Experimental investigations, on the other hand, 

are scaled-down studies that give a visual representation of 

the performance of the structure. In such investigations, 

certain properties like the dimension of sand particles or the 

size of the opening in the geotextile of the prototype cannot 

be scaled down as per the dimensional analysis. It is evident 

that there would be some misappropriation and, therefore, 

errors in the solution. Therefore, numerical modelling tools 

appear to be a viable option that works on the basis of 

fundamental analytical equations and provides a visual 

representation of the problem under consideration. The 

prime benefit of incorporating a numerical model is the 

https://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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possibility of the selection of scale. Full-scale simulation is 

possible once the model is established with successful 

training. The model can be validated using experimental 

results, which are usually designed at a smaller scale or by 

analytical established equations. The scale of the numerical 

model is dependent on the software and hardware 

configurations of the user device since it directly affects the 

computation time. In this paper, a thorough literature review 

is carried out for shortlisting an efficient computational 

system for wave structure interaction studies for seawall 

structure. Thereafter a bibliometric expanse of the VOF-

FEM method is conducted, followed by an experimental and 

numerical trial on a non-overtopping structure using this 

technic.  

 

1.1 Literature Review  

Various numerical tools exist for modelling wave 

parameters. For structural modelling parameters, it can be 

accomplished via finite element modelling, wherein the 

response of the earth structures, geosynthetic sand 

containers, etc., to loading conditions can be checked. 

However, for checking the structural response to the impact 

of waves – the characteristics of which are in turn affected 

by the configuration of the structure over which the waves 

interact, the coupling of two systems in a numerical tool will 

be ideal. A background literature survey is essential before 

the selection of an ideal tool for the study.  
 

From the expanse of literature, the most commonly 

incorporated numerical methods for computation in this 

domain are determined to be Nonlinear Shallow Water 

Equation (NSWE), Smoothed particle hydrodynamics 

(SPH), Navier–Stokes equations (or RANS equations), 

Computational fluid dynamics (CFD), The Reynolds-

averaged Volume of Fluid (VOF), Finite element methods 

(FEM) etc. The Nonlinear Shallow Water Equation 

(NSWE) area set of hyperbolic partial differential equations 

that define the flow below a pressure surface in a fluid 

(sometimes, but not necessarily, a free surface). Nonlinear 

shallow-water equation is used for simulating non-

hydrostatic, free-surface, rotational flows in one and two 

horizontal dimensions [7],[8], [9], [10], [11], [12]. 

Simulation of dynamics of continuum media, such as solid 

mechanics and fluid flows, is carried out using Smoothed-

Particle Hydrodynamics (SPH) [13], [14], [15]. It is based 

on the mesh-free Lagrangian method. SPH provides an 

underestimated solution for resolving small-scale motions 

and predicts a power spectrum that is far too steep [12], [16]. 

The basic objective of computational Fluid Dynamics 

(CFD) is to solve approximately the flow and basic 

equations that provide the movement and other 

characteristics of the flow, but it is difficult for Multiphysics 

(Computational Fluid Dynamics) CFD to solve large 

simulations [17], [18], [19],[20], [12].  

The Reynolds-averaged Navier–Stokes equations 

(or RANS equations) are related to time-

averaged equations of motion for fluid flow. Generally, 

turbulent flows are described using RANS [21], [22], [23]. 

k-eps and k-omega are not competent for the effect of 

rotation on turbulence, and therefore they give bad results 

when there is swirl or streamline curvature [24], [25], [26]. 

Primarily, the Finite Element Method (FEM) or Finite 

Element Analysis (FEA) is used for solving engineering 

problems. For obtaining a solution for the domain, it divides 

a larger problem into smaller, naive parts that are 

called finite elements[27],[28],[29]. The volume of fluid 

(VOF) method is a free-surface modelling technique, i.e. a 

numerical technique for tracking and locating the free 

surface (or fluid-fluid interface). 

 

Multiphase flow settings are modelled using the 

Volume of Fluid (VOF) model is required for the generation 

of waves. VOF model is a surface tracking method that 

works very well for multiphase flows where a distinct 

interface is present. The free surface between water and air 

is provided with finer mesh for obtaining high accuracy of 

solution[30],[31],[32]. Implicit function asserts continuity 

equation with the momentum equation, solving for the 

volume fraction and flow field at the same time. For a 

particular phase, the main assumption in VOF approach is 

that the volume fraction is always between 0 and 1. That is, 

there can be no empty regions, and each control volume 

must be assigned with one or more present phases. 

 

Many researchers have studied the wave structure 

interaction for offshore structures with the VOF-FEM 

coupling [12],[19],[25]. Few researchers have studied 

shoreline structures, but the study focused on analytical and 

experimental results. [33]–[35]. The studies focus on the 

effect of waves on structure with variation in wave heights, 

water depths, and wave periods. However, less attention is 

given to the effect of structural parameters, namely slope of 

the structure, friction with the surface, the permeability of 

the structures, the thickness of layers, etc., on the overall 

hydraulic performance of the seawall. No research to date 

covers the aspect of structural variation of the shoreline 

structure. This may be due to the complexity and physical 

efforts required for experimental investigation. Hence, 

Numerical tools may come in handy for addressing the 

effect of these parameters for noting the overall hydraulic 

response of the structure.  

 

[9] compared the numerical results of SWASH with 

various cases of laboratory data and inferred that a good 

amount of computational time is saved in SWASH. [36] 

investigated ocean waves using the commercial software 

tool 'FLUENT', which is based on the Navier-Stokes 

equations. It is applied to viscous, incompressible fluid 

along with the Volume of Fluid (VOF) method. As 

compared to the physical model experiments, this numerical 

model is more pliable since the dimensions of the wave tank 

can be altered as per the demand of the situation. [17] 

simulated both linear waves and linear deepwater waves 

using the commercially available yet commonly used finite 

volume package ANSYS CFX (Release 12.1). From the 

results, the author concluded that the deepwater wave 

generated by CFD is in very good agreement with Linear 

Wave Theory. Certain criteria are required for the selection 

of a particular wave theory, but they are not generally 

https://en.wikipedia.org/wiki/Hyperbolic_partial_differential_equation
https://en.wikipedia.org/wiki/Free_surface
https://en.wikipedia.org/wiki/Continuum_mechanics#Lagrangian_description
https://en.wikipedia.org/wiki/Computational_fluid_dynamics
https://en.wikipedia.org/wiki/Fluid_flow
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specified because no simple theory predicts all wave 

properties satisfactorily. In general, the simple Airys linear 

theory is suitable if the wave has a small steepness, the sea 

is multi-directional, the wave spectrum is broadly banded, 

or the structural dimensions are such that the inertial forces 

are dominant than the drag forces. Experiments in the 

laboratory and those in the sea have shown the adequacy of 

the linear theory in general, and in deep water that of, the 

Stokes fifth-order theory is used to predict particle 

kinematics. Dean's higher-order analysis gives better results 

for the steeper waves. Considering the convergence of the 

series terms, the Stokes theory is useful when water is 

deeper than 10% of the wavelength, while the Solitary 

theory is ideal if the depth of water is shallower than 20% 

of the wavelength. In between, the Cnoidal theory would 

give converging results. Experimentally based guidelines 

are given in [37]. The selection of appropriate wave theory 

among the Linear, Cnoidal, Stokes, and Dean’s theories is 

initiated starting from the given values of wave height (H), 

period (T) and water depth. Next, the non-dimensional 

quantities are determined, viz., d/(gT2) and (H/gT2). From 

the former quantity, continue on absicca until the point of 

intersection with the vertical line is obtained. This should 

correspond to the known d/(gT2) value. The location of this 

junction point signifies the correct theory to be chosen. 

 

[16] compared the numerical results of 

DualSPHysics is a numerical tool based on the Smoothed 

Particle Hydrodynamics. It permits feigning real-

engineering difficulties that include composite geometries 

with a great resolution in a reasonable computational time. 

DualSPhysics with experimental data. Results show 

satisfactory agreements between numerical results and 

experimental data. [21] used an open-source code – 'OPEN-

FOAM', which solves RANS (Reynolds Averaged Navier-

Stokes) to simulate the wave interaction with a series of 

piled structures. A comprehensive pressure and velocity 

profiles are obtained for each time step, therefore indicating 

further requisite of validation of the code. [12] compared 

three different numerical models DualSphysics, SWASH, 

and Flow-3D, for the study of wave overtopping [38] as well 

as the impact on a seawall. The results of overtopping 

obtained from SWASH are 10 times the lesser value even 

after keeping the same incident wave height. It is also 

noticed that experimental and numerical overtopping results 

of flow 3D are synchronised reasonably well. Both 

DualSPHysics and FLOW-3D display reasonable estimates 

of the wave impact on the sea wall. [39] compared two 

numerical models, Fluent and Flow-3D, which are based on 

the Navier-stokes and VOF equations. The equations are 

used to generate regular waves in a numerical wave tank. 

Similar results are obtained; however, the results from 

fluent had a slight difference from theoretical results but are 

more accurate in wave crest capturing. [40] used CFD to 

simulate a new wave boundary condition for extreme waves 

and wave-structure interactions. The validation includes 

comparing theoretical and experimental observations. 

Overall, the results approved the OPEN FOAM model as 

well placed, which can be used as an extension to many 

coastal engineering applications and to simulate a wide 

range of nonlinear wave conditions. [41] used ANSYS 

fluent 16.0 for the development of a numerical wave tank 

(NWT). Precise fluid velocity profiles and defining free 

surface elevation ensure the use of NWT for future studies 

to assess the performance of wave energy converters, thus 

resulting in device design optimisation. The mesh size is 

varied, and the results were compared for free surface 

elevation and horizontal and vertical fluid velocities. [11] 

examined the applicability of the lucidified depth-integrated 

wave transformation model SWASH for estimating wave 

overtopping over impervious coastal structures, especially 

in shallow foreshore regions. SWASH being a depth-

integrated model, any arrangement in the vertical direction 

using solids cannot be applied. [26] focused on the 

assessment of the performance of 'OPEN-FOAM' when 

applied to nonlinear wave interactions using varying wave 

conditions onto offshore structures. The numerical results 

for wave interactions are compared with physical 

experiments. The developed numerical model worked well 

for all the test cases discussed in this paper. Repetitive 

stimulation can be done using NSWE, which gives good 

results for wave transformation and overtopping, but it takes 

a longer time to run the calculation. The main advantage of 

the SPH technique is that it can solve complex problems. 

CFD differs from other fluid dynamics software because it 

can give results for flowing fluid surfaces that are modelled 

with the VOF technique. The main con of this technique is 

that computing large simulations requires higher version 

computers, and getting access to them could be difficult. 

RANS require a lesser number of preliminary speculations. 

The disadvantage of the RANS model is the substantial 

computational cost. Most sophisticated models for 

multiphase flows, such as complicated viscous flow and 

turbulent flow, can be solved by using FEM is one of the 

leading advantages. NSW overestimates the overtopping 

results by almost 10 times more than the other software. 

While the SPH model has averaged deviation of 

overtopping rate is about 6.8% which is also slightly more. 

CFD results are not well synchronised, and RAN's model 

has a stiffness limit up to 0.033, whereas this limit in FEM 

is 0.1420. Only the FEM technique can use for all types of 

numerical problems with well-synchronised results of 

overtopping and complex time and spatial evaluation of 

flux.   

 

Hence, it is inferred to use Ansys, which has a provision 

to couple the systems of the VOF and FEM domain in the 

same platform. While in other software, it is not possible to 

use both VOF and FEM approaches at a time. [42] 

Conducted a thorough literature review to select the 

appropriate tool based on the accuracy of the results along 

with the pros and cons of each of the numerical tool 

alternatives. It is indicated that Ansys could be a suitable 

alternative considering the ease of availability and the 

possibility of effective simulation of the structural 

parameters. Ansys is one of the most used tools in an 

academic environment and possesses many of the 

aforementioned advantages.  
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The literature indicates a promising scope of research 

in VOF-FEM coupled computational systems for wave 

structure interaction studies on seawall structures. This 

paper further aims to incorporate VOF-FEM coupling for 

seawall for analysing wave-structure interaction. Ansys is 

selected after a thorough literature review after ascertaining 

the possibility of simulation of coupled VOF-FEM system. 

Although the Volume of the Fluid approach has been used 

for coastal structures like breakwaters, the uniqueness of 

this study is to completely reflect the waves without 

overtopping and allow for no transmission. Also, no 

literature has been found focusing on the utilisation of the 

tool in the coastal shallow water environment structure. 

Ample literature focuses on an analytical and experimental 

investigation of shoreline structures. However, a scanty 

amount of work is carried out on shoreline non-overtopping 

structures. Thus, setting up the numerical environment in 

Ansys and validating the results via an analytical and one-

step experimental approach is presented in this paper.  

 

2. Methodology 
A numerical tool requires calibration using known 

boundary conditions and parameters [43]. For achieving 

this, an experiment is performed in a 10-meter long wave 

flume (Fig. 1). Similar scale experimental studies can be 

seen in [44],[45],[46]. 

 
Fig. 1 Wave Flume used in experimentation 

Thereafter, the numerical tool is set up and validated using 

analytical established empirical equations. (Fig. 2), The 

experimental program comprised of measuring run-up  

Fig. 2 Methodology of the research 

 

on the seawall with a smooth, impermeable slope. The 

wave-maker is a mechanical flap-type generator, capable of 

generating regular waves of height (H) ranging from 0.07-

0.15 m, at mean water depth (d) = 0.4 m, wave period (T) = 

1- 2sec. The wavemaker is devised using the procedure 

described in [45]. The wave height generated at a given 

water depth for this setup is observed by undertaking empty 

flume runs and measuring the incident wave height using a 

ruler attached at three locations one meter apart in the flume. 
 

A 0.5 HP motor is attached to the wavemaker flap (Fig. 

3) to have control over the generation of regular waves. The 

formula utilised for wavemaker movement and motor 

capacity [28] is as follows: 

 
Fig. 3 Wavemaker setup in the flume 

Relative Depth 

kh =
2πh

l
…………....……………......................(1) 

Wave Height to stroke ratio 

 
𝐻

𝑆°
=

4𝑆𝑖𝑛ℎ2𝑘ℎ

𝑆𝑖𝑛ℎ 2𝑘ℎ+2𝑘ℎ
 ………………………………..(2) 

 

The mean power to generate this wave 
𝑃0

(
𝜌𝑔ℎ𝑆°

2

𝑇
)

=
𝜋

𝑘ℎ
(

tanh 𝑘ℎ

sinh 2𝑘ℎ+2𝑘ℎ
) [sinh 𝑘ℎ +

1

𝑘ℎ
(1 −

cosh 𝑘ℎ)]……………….…………………….....(3) 

Where, Kh = Relative depth, H= Wave height, h = 

water depth, T= Time period, L= Linear theory wavelength, 

H/So= Wave height to stroke ratio, and Po= Mean power to 

generate the wave.  
 

The amplitude and frequency at which the wave height 

is generated are recorded and set during the actual 

experimental trials. Since the study had to be conducted 

using regular waves, this method deems sufficient for 

control over incident wave generation. A sample seawall 

dimension of 10 m length, 1m height, and unit width is 

considered and reduced to scale using a froudian similitude.  

A model is in similitude if it has three basic 

requirements of geometric, kinetic, and dynamic equality. If 

these three equalities match those of the system being 

modelled, then the model has similitude. The concept is 

mostly used in hydraulic and aerospace engineering. 

Kinematic similarity shows a comparison of particle motion 

in the model and prototype. The dynamic similarity between 

two kinematically and geometrically similar systems 

necessitates the complete vectorial forces ratios in the two 

systems to be the same. The scale is decided from the ratio 

of prototype dimension to the dimension of the model from 

different iterations as follows,  
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Iteration No. 1 

H = 2.1 m, d = 10 m and T = 10 sec 

For 1:10 scale 

𝐻𝑚 =
𝐻𝑝

𝑆𝑐𝑎𝑙𝑒
 = 

2.1  ×  100

10
  =21 cm 

𝑑𝑚 =
𝑑𝑝

𝑆𝑐𝑎𝑙𝑒
 =

10  ×  100

10
   = 100 cm 

𝑇𝑚 =  
𝑇𝑝

√𝑆𝑐𝑎𝑙𝑒
 = 

10

√10 
 = 3.16 sec 

Iteration No. 2 

H = 2.1 m, d = 10 m and T = 10 sec 

For 1:20 scale 

𝐻𝑚 =
𝐻𝑝

𝑆𝑐𝑎𝑙𝑒
 = 

2.1  ×  100

20
  =10.5 cm 

𝑑𝑚 =
𝑑𝑝

𝑆𝑐𝑎𝑙𝑒
 =

10  ×  100

20
   = 50 cm 

𝑇𝑚 =  
𝑇𝑝

√𝑆𝑐𝑎𝑙𝑒
 = 

10

√20 
 = 2.24 sec 

Iteration No. 3   

H = 2.1 m, d = 10 m and T = 10 sec 

For 1:30 scale 

𝐻𝑚 =
𝐻𝑝

𝑆𝑐𝑎𝑙𝑒
 = 

2.1  ×  100

30
  =7 cm 

𝑑𝑚 =
𝑑𝑝

𝑆𝑐𝑎𝑙𝑒
 =

10  ×  100

30
   = 33.33 cm 

𝑇𝑚 =  
𝑇𝑝

√𝑆𝑐𝑎𝑙𝑒
 = 

10

√30 
 = 1.82 sec 

Therefore in iteration 3, the range of values is possible 

to be generated in the existing wave flume. Hence, a scale 

of 1:30 is adopted for the experimentation program since it 

is the best possible scale which matches with Froudian 

similitude in the wave flume [47]. Table 1 shows the 

geometrical field and lab dimensions to satisfy the 

similitude [4]. 

 

Readings of the wave pressure are measured at the 

surface of the seawall using a pressure transducer of range 

0-300 millibar range. The transducer assembly consists of a 

stainless-steel diaphragm attached to the pressure sensor 

using a flexible tube filled with a viscous fluid. The 

diaphragm resonates due to the pulsating waves, and the 

pressure due to oil in the tube is sensed by the transducer, 

which transmits the pressure in terms of voltage displayed 

digitally. The pressure is converted using a conversion 

graph of the device, as shown in Fig. 4. 

   

 
Fig. 4 Conversion curve for pressure transducer 

 

Table 1. Field and corresponding lab geometrical dimensions 

2 sensors were placed on the upper 1/3rd surface area of the 

seawall after gauging the location of wave impact via empty 

trial on the seawall. Readings of pressure values 

corresponding to 100 regular waves were noted and 

averaged out for obtaining the wave pressure value. These 

readings are utilised for input and calibration of the 

numerical model. 

 

 
Fig. 5 Schematic sketch of the experimental arrangement 

2.1 Numerical Investigation 

The surf similarity parameter is calculated numerically 

using the Iribarren number (equation 4) for varying slopes 

of the seawall. The shore protection manual prescribes a 

range of 1:1.5 to 1:3; however, the 1:3 slope would be 

economically expensive and hence is not considered. The 

slope selected lies in the range of 1:1 to 1:2.5. In the selected 

range, the angles for investigation selected are 40o, 45 o,50 

0
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5
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P
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u
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M
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)

Voltage (Milliampere)

Wave 

Parameters 

Lab-scale model Field 

Dimensions 

Wave Height 7 cm 2.1 m 

Water Depth 33.33 cm 10 m 

Wave Period 1.82 sec 10 sec 

Type of 

Wave 

Non-breaking Non-breaking 

Crest Height 40.62 cm 12.184 m 

Crest Width 10.67 cm 3.20 m 

Toe Width 13.33 cm 4 m 

Toe Depth 14 cm 4.2 m 
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o,55 o, and 60 o. Table 2 shows the length of the seawall for 

different slope angles keeping the height at 0.5 m. The width 

of the flume is 0.5 m. Hence it was decided to keep the 

height equal to the width for ease of setup construction.  

ξ =
𝐭𝐚𝐧 𝜶

√
𝑯

𝑳𝟎

…………………………. (4) 

Where, 

ξ= Surf similarity parameter or Iribarren parameter or 

Iribarren number, α = Slope of Seawall (degrees), H = Wave 

Height (m), 𝐿0 = Wavelength (m). 

The wave data is obtained from INCOIS (Indian National 

Centre for Ocean Information Services). Readings of the 

western Coast of India obtained from the Ratnagiri wave 

buoy have been considered as a sample in this study. The 

significant wave height is 2.1 meters which is incorporated 

for the study as a regular wave. 

 
Table 2. Dimensions of seawall for different slope angles in the 

numerical simulation 

Sr. no. Slope Height (m) Length(m) 

1. 400 0.5 0.85 

2. 450 0.5 0.848 

3. 500 0.5 0.800 

4. 550 0.5 0.77 

5. 600 0.5 0.76 

 

For the numerical investigation, the VOF approach is 

used for the generation of waves and is coupled with FEM 

for obtaining the response of the structure. 

 

In the structural domain, the 3D geometry of the 

seawall is set up as per the experimental program. Fig. 6 

shows the geometry of the seawall used for numerical 

investigation.  

 
Fig. 6 Schematic sketch of slopes of seawall for Numerical 

investigation 

 

Separate meshing is adopted for fluid and structure for 

the analysis. In the structure domain, a simple rectangular 

meshing is created with a face sizing of 20 mm and an 

element size of 40mm. Fluid-Solid Interface (FSI) is created 

on the surface of the seawall facing the waves. The 

boundary conditions are defined by assigning fixed supports 

to 8 side faces of the seawall, excluding the face 

experiencing the wave attack.  

 

In the VOF domain, a tetrahedron mesh (Fig. 7) is 

created. Finer meshing helps to catch the wave pressure 

values on the seawall structure where the wave impacts. The 

mesh is kept fine towards the fluid-solid interface, and it 

gradually increases towards the inlet of the flume. The 

bottom boundary condition is fixed as default in the VOF 

method, and the structure is assigned fixed support in the 

FEM domain.  
 

 

The mesh convergence study has been done 

considering the wave theory parameters. The mesh sizes are 

altered and checked for wave theory is applied before 

solving the Navier Stokes equation. The body sizing 

towards the coarsest mesh is 100 mm, and the minimum 

sizing is 18 mm and near the FSI. Due to tetrahedral graded 

meshing, the total number of elements could be restricted to 

17872, with a total of 3654 nodes in the fluid domain. Care 

is taken to divide the structure into a minimum of 3 parts at 

the most coarse mesh location. With this element size, 

effective convergence is observed. With meshing coarser 

than 18mm minimum size, the residuals of the k-epsilon and 

VOF model showcased divergence after 500-time steps. 

The total number of elements in the structural domain, 

including the zone of fluid-solid-interface tried, are 251200, 

33250, 10982, and 4950 against element sizes of 10mm, 

20mm, and 30mm, 40mm. Total nodes generated are 

1046059, 143456, 49022, and 2678 respectively, with each 

mesh size. The computational time associated with 20 mm 

size, which is adopted for further calculations, is 2 hours 25 

minutes. 
 

The Navier-Stokes equation, which is a basis of fluid in 

vector form, is given as-. 
 

Ρ(
𝑑𝑦

𝑑𝑥
+ 𝑣. ∇𝑣) =  −∇𝑃 +  𝜇∇2+f   ………(5) 

 

Where, P = Fluid pressure = Pascal or N/m2 

Fluid Velocity = m/s 

µ=dynamic viscosity = Pa.S (µ is the SI unit for dynamic 

viscosity - Pascal-second (Pa-s). Calculated as force (N) per 

unit area (m2) divided by the rate of shear (s-1).) 

F = Total Force (N) 

The continuity equation in 2D Cartesian coordinates is 

given by:   
  𝜕𝑢

𝜕𝑥
  +   

𝜕𝑣

𝜕𝑦
  =   0…………………….. (6) 

 

The boundary conditions of the flume, along with the 

fluid property, are assigned after meshing the domain. From 

the VOF Sub-Models, Open Channel Wave Boundary 

Conditions are selected.  

 

The wave boundary condition can be set as Shallow 

Waves, Shallow/Intermediate Waves, and Short Gravity 

Waves. Wave can be simulated by using Wave Theories. 

Wave Theories are generally designated for simulating 

regular waves. To simulate random waves, the wave 



Dabir V. V et al. / IJETT, 70(4), 82-94, 2022 

 

88 

spectrum is selected. In the present simulation, 

shallow/intermediate waves are simulated by using wave 

theories having 0.4 m water depth, 0.1m wave height, and 

3.43 m wavelength. 

 

The validity of wave theory is ascertained at this step, 

chiefly that the wave doesn't break before attacking the 

structure and impacts after travelling the length of the 

flume. 

 

  

 

 

 

 

 

 

 

 
Fig. 7 Meshing in Ansys fluent and structure 

The wave generation parameters are assigned to the 

water phase of the domain. In solver selection, the density-

based solver is avoided as the fluid is not incompressible. 

Although solving the continuity, momentum, and energy 

equation simultaneously at the cost of time would offer a 

relatively accurate solution, the prime reason for utilising a 

pressure-based solver is pertaining to the wave theory 

assumptions that the fluid is incompressible. The pressure-

based solver sequentially solves the set of continuity, 

momentum, and energy equations. First, it decouples the 

equations. Thereafter it solves the pressure-velocity 

coupling problem. 

 

Continuity equation – 

 
𝜕𝜌

𝜕𝑡
 + ∇ (ρ V) = 0……………………,.. (7) 

Momentum equation – 

Ρ 
𝑑𝑉

𝑑𝑡
 = ρ g – ∇ p +∇ τ……………….…(8) 

Energy- 

ρ
𝜕𝑒

𝜕𝑡
 + ρ (∇ V) = ∇ (k ∇T) + φ…………(9) 

 

Where, P =pressure of fluid, ρ = density of fluid, g = 

acceleration due to gravity, V = Velocity of fluid, τ = Shear 

stress, T = change in temperature. 

 

Thereafter, a transient time state is selected for the 

simulation since the steady-state disregards several cross 

requisites and higher-order requisites allocating time. These 

all terms get auto set to zero in steady-state so as to not 

affect the steady-state results. These terms are included in a 

transient simulation. 

 

The volume of fluid (VOF) and Viscous K-epsilon (k-

ε) model are used. The VOF model can model two or more 

two immiscible fluids by resolving a single set of 

momentum equations and following the volume fraction of 

each of the fluids throughout the domain. 

 

The (k-ε) model is a two-equation model that gives an 

overall explanation of turbulence utilising two transport 

equations. The first transported variable is the turbulence 

kinetic energy (k). The second transported variable is the 

amount of dissipation of turbulence energy (ε).  

 

Four waves are generated (Fig. 8) using the inbuilt open 

channel wave boundary conditions, using hybrid 

initialisation, which is based on Laplace's Equation to 

establish the pressure and velocity parameters.  

 

Laplace equation  
𝑑φ

𝑑𝑡   
  = -gŋ + 

1

2
 [Δφ]2…………………(10) 

Where φ = velocity potential  

 

In hybrid initialisation, all other variables, such as 

temperature, turbulence, volume fractions, etc., will be 

patched built on domain averaged values or a specific 

interpolation technic. The Solution initialisation allows the 

solver to guess the solution and make a guess of the solution 

flow field and thus an integral part of numerical simulation 

to achieve faster convergence.  

 

Thereafter the cell zone conditions are defined. It aids 

in the selection of water wave zone and inserting the 

numerical beach inputs in the base of the numerical flume.  

 

The readings of the first 2 waves are discarded for jump 

start conditions, and the latter two are selected. The solution 

report is generated when the solution is converged. The 

results of the generated wave are coupled as an input for the 

FEM structure.  

 

To foresee the effect of generated waves on the 

structure, the system of VOF is coupled with FEM. The 

force developed due to wave characteristics influenced by 

the slope of the structure needs to be fed into the structural 

analysis domain of the tool. This way, a one-way coupling 

of the system is performed.  

 
 Fig. 8 Wave generated in the VOF domain of the numerical tool 

 

The soil properties are assigned to the structural 

geometry, as shown in table 3. The density is calculated in 

the lab using the standard proctor test; corresponding 

characteristics of soil with similar density were taken from 

inbuilt data sets of the tool. 
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Table 3. Soil Properties applied to the seawall 

Properties of Soil 

Density 1680 kg/m3 

Young’s modulus 1.15 MPa 

Poisons ratio 0.0279 

Bulk modulus 1.5083 x 106 Pa 

Shear Modulus 7.8186 x 105 Pa 

Compressive strength 1.5 MPa 

 

While transferring the pressure from VOF to the FEM 

domain through the FSI, the shift of meshing style ensured 

the effective transmission of force to the structure [48]. The 

structure failed to resolve forces when meshed in a 

tetrahedral style due to bad interconnection between the 

changing domains and material properties in the solver.  

After the solver takes the input from the VOF solution and 

solves equation 8.  

δ = 
𝐹 ×𝐿

𝐸 ×𝐴
   ………………………………….. (11) 

 

Where, δ = Total deformation, F= Force over the structure, 

L = Length, E = Modulus of Elasticity, A = Cross Section 

area of Seawall.  

 

The force is obtained by dividing pressure by the area 

over which it impacts. It acts on the centre of the FSI plate. 

With the change in the slope of the seawall, the surface area 

of the frontal face of the seawall would also change, and 

therefore the value of total deformation would change in 

direct proportion to the surface area for the same set of wave 

parameters. However, the computation of the value of force 

requires accurate modelling of the wave generated and 

thereby the force exerted. 

 

3. Results and Discussion 
The calibrated numerical model is first compared with 

analytical, empirical equations. The equations, which are a 

result of experimental analysis on sloping structures, are 

incorporated. The following equations represent wave 

force, especially with no overtopping [5]. 

 

F = ρ g H × (0.42 + 0.15
tan θ

√H/L
 ) × A ……(12) [35] 

 

 F = (0.89 × {f + 1.2}) × ρ × g × d’ × sin2θ× A..(13) [49]. 

 

 F = 2.8 ×ρ× g ×h × sin
2

θ × A……(14)……….[49]. 

 

Where,  

ρ = Density of ocean water kg/𝑚3, 

g = Acceleration due to gravity m/𝑠2,  

H = Wave height with water depth,  
tan 𝜃

√𝐻/𝐿
 = ξ = Surf similarity parameter,  

A = Area of seawall where wave impacted,  

d’ = Water depth,  

θ = Slope angle of seawall,  

f = 1.8. 

 

The analytical result of pressure for a 26-degree slope 

is calculated to be 6.17 millibars. Corresponding numerical 

and experimental results obtained are 7.159 millibars and 

6.82 millibars, respectively, as shown in Fig. 9.  

 

Therefore, the analytical and experimental results 

numerical results have less than a 10 per cent deviation in 

the values. This implies that the analytical, numerical, and 

experimental outcomes for the considered Irribaren number 

of 0.1528 (corresponding to a 26-degree slope) are in good 

agreement with each other. Therefore, using the calibrated 

model, the slope of the seawall is changed, and the total 

deformation of the seawall could be calculated analytically 

for the varying value of α, that is, 400, 450,500,550 and 600, 

using equation 5. The term A changed according to the 

varying slope to give variation in deformation values. The 

results were compared with those obtained numerically, as 

shown in table 4. It is observed that the values match well. 

The results obtained from equations 12 to 14 for varying 

slopes are compared to those generated by the numerical 

tool and tabulated in table 5. 
 

 
Fig. 9 Comparison between analytical, numerical, and experimental 

results for pressure calculated at surf similarity parameter 0.1528 

(i.e. for slope angle 260) 

 
Table 4. Analytical and numerical calculation of Total Deformation 

Surf 

Similarity 

Parameter 

Total 

Deformation 

(Analytical 

method) 

Total Deformation 

of Seawall (mm) 

(Numerical Method) 

4.92 1.46mm 1.45115mm 

5.857 1.44 mm 1.4558mm 

6.9795 1.52mm 1.4919mm 

8.364 1.705mm 1.7113mm 

10.144 1.71 mm 1.72875mm 

 

The pressure calculated analytically is 2.5185 millibar. 

From the experimental investigation, the pressure result 

recorded using the pressure transducer is 6.82 millibars 

which is equivalent to 0.000682N/mm2 or 682 pascals. 
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The results of total deformation calculated analytically 

and numerically are as shown in Fig. 10. The results are in 

good agreement with those obtained from the numerical 

tool. This is because the deformation is a function that is 

directly proportional to the force acting on the seawall and 

the length of the structure and inversely proportional to the 

cross-sectional area over which it acts, as well as the 

modulus of elasticity of the structure. Thus the wave 

conditions are simulated accurately, thereby generating an 

accurate force on the seawall and, therefore, the 

deformation. 
 

After multiple trials on the selection of time step and 

step size on the VOF model, adopting a smaller time step 

results in the convergence of the solution. However, a very 

small time step can put a burden on the processor as well, as 

it will be more taxing in terms of time to reach converge. 

After multiple iterations, the optimal time for the current 

case is found to be 0.09 seconds. 
 

Table 5. Analytical Results of Wave Force (N) 

 ξ Muttray, 

M., 

&Oumera

ci, H. 

(1999) 

(Hom-ma, 

M., & 

Horikawa, 

K. (1964)) 

 

(Hom-ma, 

M., 

&Horikaw

a, K. 

(1964))* 

 

Force 

(N) 

4.92 2353.53 2831.57 3536.95 1738.2 

5.86 2316.05 3109.95 3884.66 1924 

6.98 2335.26 3363.02 4207.02 2000 

8.36 2411.91 3601.09 4498.15 2046.3 

10.144 2560.175 3808.95 4757.8 2109 

 
Fig. 10 Numerical and analytical results of total deformation of 

seawall 

Any time step larger than this time resulted in an 

unstable model, and peak divergence, especially in the KE 

model, is observed due to which the run terminated 

frequently. Also, the number of time steps, if kept less, 

results in the divergence in the model as the next iteration is 

begun before reaching an optimised solution of the previous 

step, thereby leading to the failure of the model. Thus, after 

multiple trials, the optimal iterations were set to 45 for the 

current case. As the solver reached an optimal solution 

within 20-25 steps, it prompted for a converged solution and 

skipped the remaining iterations, and jumped on to the next 

step. 

 

 

 

 
Fig. 11 The repulsed waves in the wave flume 

Fig. 11 shows the mixing of the velocity vectors of the 

wave after it is repulsed from the structure. A closer look at 

the velocities can be seen in Fig. 12. This is a key feature 

when no waves are allowed for transmission. All the wave 

vectors will rebound and mix with approaching waves to 

create turbulence downstream of the seawall. This is also 

the reason for accounting for a scour protection device. The 

force imported into the seawall (Fig. 13) has a maximum 

value at the bottom of the seawall due to the turbulence 

because of rebounded waves. The maximum value of force 

on the structure is used for comparison with the empirical 

equations. 
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Fig. 12 The repulse of water vectors in the model 

 
Fig. 13 The imported pressure on seawall due to coupling 

The resolved force is obtained from the numerical 

simulation and is used for the coupling. The solver failed 

with the adoption of the tetrahedral meshing of the seawall. 

This is because of the convoluted meshing boundaries. The 

deformation profile obtained in Fig. 14 is a result of 

simplified square meshing for coupled systems. The highest 

value of pressure is experienced at the toe due to the repulse 

of the wave from the seawall body. Nevertheless, the 

maximum deformation resulting from the maximum 

pressure on the seawall would be at the centre of the 

structure.  

 
Fig. 14 Total deformation profile of the seawall 
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Fig. 15 shows the variation of slope along with the 

abscissa and corresponding force values on the ordinate 

obtained numerically as well as analytically. The trend is in 

good agreement with the numerical results, and the results 

obtained by equation 9 are in better agreement than 

equations 10 and 11. The root mean square error value for 

results compared with [35] equation 9 is 0.197. As 

compared to (Homma & Horikawa, 1964), the RMSE value 

using equation 9 is 1.954, and a higher RMSE value is 

obtained from equation 11, which is 4.99. This is because of 

the introduction of the factor “f” in equation 10, which is a 

modified equation of wave force on the sloping surface. The 

correlation coefficient of the force obtained by [35] with the 

numerical model is 0.632. Homma & Horikawa, 1964) force 

values are strongly correlated with a correlation coefficient 

of 0.968 with the numerical force values. 

 
Fig. 15 Comparison between analytical and numerical results of wave 

force 
 

4. Conclusion 
Numerical methods for the study of wave-structure 

interaction are utilised widely over the globe. The selection 

of a particular computational method from the expanse of 

technics available is usually finalised based on the 

parameters desired to be studied using the tool. For studying 

the response of the structure to the impounding wave, 

extensive research is available, which is performed using 

experimental setups. Along with these experimental 

investigations, many of the studies are performed using 

numerical investigations, and the results are plotted as a 

function of Irribaren number ξ, which in turn is a function 

of wave height, wavelength, and slope of the seawall. In the 

Irribaren number itself, the variation performed is that of the 

wave parameters and not the slope. This is because; it is 

experimentally exhausting to change the physical properties 

and dimensions repeatedly in the wave flume. Therefore 

numerical investigation techniques would be an ideal 

solution for saving immense labour and experimentation 

costs involved, especially when the research needs to be 

focused on the structural parameters.  

 

Various numerical investigations are performed on 

offshore structures or shoreline structures, allowing wave 

transmission. However, no work is carried out using 

coupled VOF-FEM on non-wave transmitting structures in 

shallow water regions, wherein the response of the structure 

to the impacted wave can be noted. Further, the effect of 

energy dissipation concerning the changing slope is not 

carried out numerically. 

 

In the present study, a regular wave is imparted on the 

structure to evaluate the force and corresponding 

deformation of the structure. The flume length of 10 m is 

sufficient when studies are focused on structure 

performance, mainly wave impact or overtopping studies. A 

longer-length flume would be deemed necessary when 

reflection [4] studies or sediment transport needs to be 

evaluated. An experiment is performed to use reference 

values for the numerical simulation model of the smooth 

impermeable seawall with no overtopping and complete 

reflection using standard procedure [50]. Predominantly the 

effect of the slope of the seawall α with total deformation is 

checked. Total deformation is calculated numerically for 

changing values of α (α= 40o, 45o,50o,55o, and 60o) of the 

seawall. The wave characteristics are kept consistent. The 

total deformation and wave forces on the seawall increase 

with an increase in the slope of the seawall. 
 

It is observed that existing empirical equations predict 

the wave force quite accurately. However, there is a 

significant difference in the results obtained by numerical 

tools and equations 13 and 14. This is because equation 12 

has the entire Irribaren number term, and thereby the force 

is calculated considering the characteristics of the wave as 

well as the slope of the seawall. Whereas in equations 13 

and 14, the term Ө which is the slope of the seawall, exists, 

but the wave characteristics are normalised with constants 

from their empirical derivations. These equations 

overestimate the wave force on the seawall. Therefore, it 

implies that the Irribaren number is the most influential 

parameter when it comes to wave structure interaction on a 

sloping coastal structure. 
 

For successful implementation of VOF-FEM coupling 

for fully wave reflecting structures like a seawall, the 

meshing region of the VOF domain could be kept as graded 

meshing, keeping it finer at the fluid-solid interaction 

interface and coarser at the origin. At least 3 divisions of the 

influent region shall be ascertained for a clear convergence 

of the solution. For studies with regular wave impact on the 

structure, the transient time state is ideal to be adopted. The 

structure needs to have simple meshing for the effective 

transfer of wave force onto the structure. The dynamic force 

acts perpendicular to the structure. The time step of 0.09 

with 45 iterations per time step is deemed sufficient for this 

study to provide convergence and successful readings. Due 

to the repulse of waves, turbulence is created on the 

downstream side of the seawall. This can be managed by the 

provision of numerical beaches in the near-seawall region. 

Since the study of structure response can be achieved by 

regular wave impact, a single significant wave can be 

generated in the numerical domain. It is suggested that the 

flume length can be divided by the calculated length of the 

wave to be generated, thereby reducing computation time 

for developing force on the structure. 
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The future scope of the work perchance utilises the 

technic for two-way coupling of the system for a further 

deeper understanding of the wave structure interaction. The 

study of structural response for service life performance 

assessment can be extended to using random waves as input 

or regular waves of the amplitude values that of significant 

or extreme waves. This can help in defining the ultimate 

stability and response of the structure to extreme waves in 

field conditions. This can especially be utilised for 

permeable structures for which very few studies are done 

hitherto.  
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