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Abstract

In the last decade, marine structures have impacted biodiversity loss and
ecosystem degradation. As a mitigation effort, artificial coral reef structures
have been designed to dissipate wave energy through turbulence, creating
microhabitats that attract marine organisms to interact and thrive. A
biomimetic design adopted from coral reefs, called porous pile cone
breakwater (PPCB), has been introduced, combining a porous pile with a
conical pile head (CPH). Breakwater piles and CPHs have proven effective in
protecting shorelines and maintaining water quality for marine life. The CPH
design reduces wave energy and velocity, enhancing the abundance of
marine life. This study investigated wave velocity (Vx) characteristics around
PPCBs using the mesoscopic Lattice Boltzmann Method (LBM) within a CFD
application. Three-dimensional fluid motion was modeled for Series-1
(emerged type) and Series-2 (submerged type) with porosity p=0.4, wave
steepness 0.058-0.068 in a 30m wide numerical basin. Both configurations
reduced Vx in the structure area by over 90%, with the submerged PPCB
achieving up to 11.3% greater reduction and maintaining 80-88% lower Vx
behind the structure. These findings indicate the submerged PPCB offers
superior shoreline protection, while both designs maintain maximum velocity
and Froude Number values suitable for sustaining coastal ecosystems.

Keywords: Computational Fluid Dynamics (CFD), marine biota, numerical
models, porous pile cone breakwaters, wave velocity

Abstrak

Dalam dekad yang lalu, struktur marin memberi kesan kepada kehilangan
biodiversiti dan degradasi ekosistem. Sebagai langkah mitigasi, strukfur
terumbu karang firuan direka untuk menyuraikan tenaga ombak melalui
turbulens, mewujudkan mikrohabitat yang menarik organisma marin untuk
berinteraksi dan berkembang. Reka bentuk biomimetik daripada terumbu
karang, icitu penahan ombak berbentuk kon bertiang berliang (Porous Pile
Cone Breakwater, PPCB), diperkenalkan dengan gabungan tiang berliang
dan kepala kon (Conical Pile Head). Tiang penahan ombak dan kepala kon,
terbukti berkesan melindungi garis pantai serta mengekalkan kualiti air. Reka
bentuk CPH mengurangkan tenaga ombak dan kelajuan yang menyokong
kelimpahan biota marin. Kajian ini meneliti ciri halaju ombak (Vx) sekitar PPCB
menggunakan kaedah Latftice Boltzmann (LBM) dalam aplikasi CFD.
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Pergerakan cecair tiga dimensi dimodelkan untuk Siri-1 (jenis fimbul) dan Siri-2
(jenis tenggelam) dengan porositi p=0.4, kecuraman ombak (Hi/gT?) 0.058-
0.068 dalam kolam gelombang numerical selebar 30.0m. Kedua-dua senario
mengurangkan halaju di kawasan struktur lebih daripada 90%, dengan PPCB
tenggelom mencapai pengurangan sehingga 11.3% lebih besar dan
mengekalkan Vx yang 80-88% lebih rendah di belakang struktur. Penemuan
ini menunjukkan PPCB tenggelam menawarkan perlindungan pantai yang
lebih unggul, manakala kedua-dua reka bentuk mengekalkan nilai halaju
maksimum dan Nombor Froude yang sesuai untuk mengekalkan ekosistem

pesisir.

Kata kunci: Computational Fluid Dynamics (CFD), biota marin, model
berangka, porous pile cone breakwaters, halaju ombak

© 2026 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

Currently, the number of studies highlighting the
negative impacts of marine structures has been
increasing, including the loss of biodiversity and the
degradation of marine ecosystems. However,
structural measures, such as breakwaters and seawalls
inevitably need to be built to provide security, reduce
erosion and sedimentation, facilitate  ships'
movement, reclaim new land, and other socio-
economic benefits. Continued coastal erosion can
lead to vulnerability to flooding due to tidal waves. This
phenomenon will affect the buildings around the
coast and cause physical, economic, and
environmental damage [1]-[3]. In strengthening and
protecting the coast, natural stone and concrete
materials have been used to withstand, deflect and
reduce wave energy. However, both of these
materials can disrupt the balance of marine life. The
degradation of marine lives can indirectly affect
humans by causing loss of food security and
livelihoods [4]. One of the strategies to protect the
environment and ecology is to use natural elements
and processes or mimic the characteristics of natural
features (biomimicry) to preserve and regenerate
ecological results.

The loss of biodiversity and degradation of marine
ecosystems due to the negative impacts of marine
structures has drawn much attention. The structures,
such as gravity breakwaters, withstand extreme wave
forces to maintain the stability of harbor pools, solve
beach erosion problems, and restore the profile and
shoreline. This type of structural handling exploits the
abundant availability of armor materials, damaging
the environment, friggering changes in the balance of
sediment fransport, and disrupting the life of marine
biota [5]. [6].

A shoreline structure that mimics the form and
function of mangroves has been designed [7]. Further
observations show that vertical seawalls combined
with  mangrove root patterns reduce waves and
increase marine growth [8], [?]. Coral reefs, seagrass
beds, and marine algae are marine biotas that
provide shelter, habitat, food sources, and spawning

grounds for marine species [10], [11]. Marine biotas
are also natural coastline protectors [12].

The arfificial type of coral reefs is designed
concerning several factors such as depth and
function [13]. Environmental characteristics, such as
water currents are essential variables in distributing
nutrients and organic elements for the needs of
marine life. Ocean eddies, wave pressure, and wave
ripples affect the types of fish and aquatic plants in
the vicinity. Some fish live in fast currents, and others
like to live in calm currents and sheltered places. This
phenomenon has proven that environmental
conditions affect the types of marine biota. Froude
number = 0.09 is the best condition for marine life [14].
Research and observation of the concrete artificial
reef blocks developed by the National Hydraulic
Research Institute of Malaysia (NAHRIM), known as the
Wave Breaker and Coral Restorer (WABCORE), have
shown that this structure can protect the shoreline
from erosion while promoting the development of new
marine ecosystems. The wave energy dissipation
produced by this artificial reef reaches nearly 60% of
the incident wave height, primarily due to structural
friction against wave motion. Furthermore, over three
years, coral growth has significantly increased from
8.66% to 29.75% of the total WABCORE surface area
[15], [16].

Other studies indicate that the hexagonal artificial
reef structure could dissipate wave energy through
generated when waves impact the upper surface of
the structure [17]. The resulting turbulence creates
pressure waves that attract fish, enhancing marine life
intferaction with the reef. The reduced flow velocity
around the structure also facilitates the emergence
and growth of marine organisms [18].

Various types of innovative breakwaters that are
environmentally friendly have been studied, such as
floating breakwaters [19], submerged breakwaters
[20]. [21], and pile breakwater [22]. Pile breakwaters
are suvitable for marinas, safe recreation zones, and
fishing ports that do not require extreme wave
protection [23]. Although breakwaters have been
widely studied for their ability to reduce wave energy
and coastal erosion, as well as for their ecological
contributions, their simultaneous optimization for both
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engineering performance and ecosystem
preservation has received limited aftention,
particularly by mimicking the complex morphology
and functionality of coral reef systems.

This study presents the biomimicry of coastal
structures adopted from coral reefs of the Acropora
genus (Figure 1a) [24]. The shape of this coral
resembles cylindrical poles. It has a cylindrical or
conical branching structure that extends upwards.
Several of its species exhibit small holes (corallites)
along the branches, resembling perforations or pores.
Piles breakwater has become an interesting issue for
researchers. Previous researchers have shown that
perforated piles with a porosity of 6.25% can reduce
wave energy more than non-perforated pile
breakwaters, although not significantly, especially at
greater wave steepness (Hi/gT?) [22]. Perforated piles
increase the furbulence that occurs, thus enlarging
the energy dissipation obtained. The pile breakwater
design was later modified by emptying the inside and
widening the top of the pile, called the conical pile
head breakwater (CPHB) (Figure 1b)[23]. This
modification construction can free the flow of water
and sediment from entering the structure. Widening
the top of the pile reduces the distance between the
piles. They believe that the presence of CPHB will not
interfere with sediment movement, where sediment
can move between piles and water quality is
maintained. CPHB is classified as a permeable
breakwater, where turbulence processes and energy
dissipation only occur between pile arangements. It is
likely to frigger scour at the foot of the pile and
produce a large wave velocity.

row of
CPHB

First

row of
CPHB 5w
Front Elevation Section A-A

©0Q0

(a) (b)

Figure 1 (a) Acropora coral reef formations [24]; and (b)
Modification of pile breakwater [23]

The purpose of this study is to modify porous circular
pile breakwater [22] and conical pile head
breakwater [23] by considering the concept of
Acropora coral reefs, in which some of the frunks are
perforated with perforations (p) set at 40% (Refer
Figure 2). The benefit of permeable piles is not cause
severe erosion downdrift because sediment can pass
through the porous holes. This modeled structure is
called a porous pile cone breakwater (PPCB). This
structure not only maintains water quality, the
balance of sediment transport, and the problem of
distance between piles but also increases the ability
to dissipate energy by reducing the velocity of

particles, which is crucial for marine biota. Through this
modification, the structure is intended to fulfill a dual
function: to enhance wave energy dissipation and
shoreline protection for coastal hazard mitigation, and
to promote a marine environment conducive to
ecosystem preservation and biodiversity support.

2.0 METHODOLOGY

This study is conducted as a numerical model simulation
using a planned structure and shoreline slope model.
The biomimicry concept proposed is presented in
Figure 2. This structure uses a porous pile-cone system,
consisting of an array of cone-shaped piles arranged
systematically within a wave basin. Each pile has a
height of 6.5 meters, composed of a 3-meter conical
head and a 3.5-meter cylindrical body (Figure 2a and
2b). The first and third rows are arranged symmetrically,
whereas the second row is arranged asymmetrically to
enhance wave energy dissipation (Figure 2c).
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Figure 2 (a) Pile cone model arrangement (front view); (b)

pile cone dimension details; and (c) Pile cone model
arrangement (fop view)
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This model arrangement is placed on a planned
average shoreline slope of 0.0274 based on the
characteristics of the East-North coast of Aceh,
Indonesia.

In this numerical modeling, wave simulation is
performed using the Computational Fluid Dynamics
(CFD) numerical method. This method is a numerical
calculation with control of dimension, area, and
volume by utilizihg computer computational
assistance to perform calculations on each dividing
element. In making the object model, the required
wave data is entered and adjusted to the model.
After creating the domain model, a simulation is
carried out using Next Limit XFlow software [25]. The
method employed is a particle-based approach,
where the simulation process no longer relies on a grid
but instead presents results in the form of clearer and
more detfailed particle movements. Hydraulic
parameters such as wave velocity (Vx), fluid flow, and
energy dissipation around porous pile cone
breakwaters (PPCB) were examined using the
mesoscopic Lattice Boltzmann Method (LBM) with
that of CFD application tool. The Lattice Boltzmann
Method (LBM) is classified as a computational fluid
dynamics (CFD) approach for simulating fluid flows.
LBM is not used fo directly derive the Navier-Stokes
equations but rather to solve fluid flow simulations.
Currently, LBM has emerged as a promising tool for
modeling the Navier-Stokes equations and simulating
complex fluid flows [26], [27]. LBM is based on
microscopic models and mesoscopic  kinefic
equations. From certain perspectives, it can be
considered a finite difference method for solving the
Boltzmann transport equation. Moreover, the Navier-
Stokes equations can be recovered from LBM with the
appropriate choice of collision coefficients. By
employing the general form of the Boltzmann method,
the equations can subsequently be derived into the
Navier-Stokes equations [28].

XFlow provides a wizard to configure progressive
waves in free-surface simulations. The parameters
used in this wizard include the type of wave (i.e., linear
wave), water channel dimensions, liquid depth,
current velocity, and progressive wave characteristics
(amplitude A and frequency f). The wizard
automatically calculates the wave velocity and
consistent laws to describe the initial free surface
profile and the inlet wave function. According fo
linear wave theory, the velocity law reads as follows
[25]:

—A .
Ox = Uw ¥ Sinhwkh cosh k(h + y)sin(ot — kx) (1)
A .
Uy = sinhwkh sinh k(h + y)cos(wt — kx) (2)

Where x is the horizontal position and y the vertical
one, tis the time, g is the gravity, o is the angular
velocity (o=2xf) and k is the wave number, given by
the following equation:

@ = gk tanh(kh) (3)

30.0m

Consistently, the Water initial surface is given by:

Initial water surface = —A sin(kx) (4)

Water inlet wave function = A sin(wt + k%) (5)

Simulation results are presented based on data
placed on predetermined sensors' data reading
readout. Simulations were carried out on two model
series with different placement designs or pile cone
positions, as described in the following section.

2.1 Series 1

In this series, the position of the first line of pilecones is
at a water depth of 4m from the seabed. Some of the
tops of the pilecones are above the water's surface,
and some are below (emerged type). The design
model in the wave basin is positioned as shown in
Figure 3, while the position of the data reading sensor
placement is presented in Figure 4.
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Figure 3 Laying Position of the Series 1 Model in a Numerical
Wave Basin
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Figure 4 Data Reading Sensor Laying Position (Series 1)
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2.2 Series 2

In this series, the position of the first row of PPCB is 7m
from the seabed. The entire top of the PPCB is below
the water level (submerged type). The position of this
design model in the wave basin is shown in Figure 5,
while the position of the dafta readout sensor is
presenfed in Figure 6. The simulation designs are
presented in Table 1.

Table 1 Simulation Designs

d design H and T design Variations
design
di=40m Hi=20m, T1=48s diHiTy
d2=7.0m H,=3.0m, T=6.05s diHaT2
Hy=4.52m, T3 =7.94s diHsTs
d2Hi Ty
daH2T2
doHsTs

3.0 RESULTS AND DISCUSSION

The parameters recorded from the numerical
simulation are the horizontal particle velocity
parameters (Vx) that occur at the reading points
(sensors). Data readouts were taken for the 60s at
three sensors. The wave propagation in the wave
basin at 16s are shown in Figure 7 for series 1 and Figure
8 for series 2. The visualization of the numerical results
shows that waves approaching from the left undergo
changes as they pass through the PPCB structure. The
waves experience a gradual reduction in velocity
while passing through the pile cone columns, as
indicated by the color changes observed.

Tine: 165

Figure 7 (a) 3D profile of velocity distribution in series 1; (b)
visualization of velocity distribution inside the building in series
1

elocey (1)

(b)
Figure 8 (a) 3D profile of velocity distribution in series 2; (b)
visualization of velocity distribution inside the building in series
2
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3.1 Verification and Validation of Numerical Data
Results

This process needs to be done to ensure that the
numerical data results collected are accurate to
minimize human and research instruments error.
Without this process, there is a risk of making decisions
based on imperfect data that does not accurately
represent the actual situation [29]. This study's
verification and validation process was done by
comparing calculated and numerically generated
data. The data to be compared is horizontal velocity
data (Vx) on a shoreline model without slope and
using the wave parameters H=2m, T=8s, d = 15m.
Analytical calculations and the numerical model data
readout are carried out on sensor coordinates (x,y) at
sensor 5 (50,-5), as shown in Figure 9. The data velocity
validation results show that the numerical results are
close to the analytfical results, as presented in Figure
10.
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Figure 9 Placement of Validation Sensors in a Wave Basin
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Figure 10 Vi Sensor Validation Results

3.2 Velocity Distribution (Vx)

The Vx velocity data was determined when the
resulting flow profile was stable, starting at t=16s. The
observationresultsin series 1 (d1) (Figure 11) indicate a
velocity reduction of Vx as large as on sensors 2 and 3,
as well as the results in series 2 (d2) (Figure 12). It shows
that the planned structure effectively protects the
shoreline area from abrasion by reducing the energy
of incoming waves. These results align with those

reported in [30]. Furthermore, observations based on
sensor placement at sensor 2, located in the structure
areaq, revealed that for the wave variations HiT: and
H2T2, both series models showed a reduction in Vx
values of 92.8-98.6%. The percentage reduction in Vx
for series 1 model (di) was 2.5-5% higher compared to
series 2 model (dz) for these wave variations. However,
under the highest wave condition (HsTs), the series 2
model (dz) recorded a Vx value that was 11.3% lower
than that of series 1. This indicates that the
submerged-type sfructure creafes a calmer flow
around the structure compared to the emerged type.
This is aftributed to the conical pile head, which
functions effectively as a wave energy dissipator [31].
Water entering the funnel-shaped openings exits with
additional energy loss. A higher blockage area
increases the effectiveness of wave energy
dissipation, causing waves to break over the structure
along with greater wave reflection.
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s
:E 3
o 2
2! A’\
Z
E
=
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Figure 11 Velocity Distribution (V) in Series 1

On the contrary, the placement of sensor 3 in the
shoreline area behind the structure shows that the
series 2 model produced a smaller Vx on wave
variations HiTi and H2T2 compared to the series 1
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model. The velocity reduction achieved by series 2
ranged between 80-88%, whereas series 1 exhibited a
reduction of 67-72%. It indicates that the series 2
sfructure model (the submerged-type structure)
provided more security to the shoreline area than the
series 1.
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Figure 12 Velocity Distribution (V) in Series 2

3.3 Maximum Velocity Against Wave Steepness

The results of data readout in series 1 and 2 show that
the wave steepness (Hi/gT?) affected the maximum
velocity (Vmax+ and Vmax) produced by the two
models (Figure 13). The greater the steepness of the
waves formed, the greater the resulting maximum
velocity on each sensor di and dz. This phenomenon
results from the influence of wave slope and steepness
on wave deformation, which consequently affects the
distribution of turbulence and flow vorticity [32], [33]. It
can also be identified that there was a decrease in
the maximum velocity on sensors 2 and 3, where the
minimum Vmax Was generated on sensor 2 (shoreline
structure area). Series 1 and 2 have the same
phenomenon, where the maximum velocity was on
sensor 1. It reflects that turbulence and beneficial

vertices occur in the pile cone's perforated part and
on coherent eddies with the upward and downward
flow in conical part piles.
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Figure 13 Effect of Wave Steepness (Hi/gT?) on Vmex in Series
1 and 2

In the previous statement that the best conditions
for the life of marine biota are flow conditions with Fr =
0.09 [14]. So, it can be determined that the maximum
velocity allowed inside the structure (on sensor 2) was
0.63 m/s (on series 1) and 0.80 m/s (on series 2). The
observation results presented in Figure 13 shows that
the PPCB shoreline structure's design is predicted can
preserve the life of marine biota because the velocity
generated in the structure areais less than the velocity
dllowed. This statement can be proven from the Fr
calculation results on each sensor in each series, as
presented in Table 2. The analysis results identify that
the Fr value on sensor 1 is greater than 0.09.
Meanwhile, sensors 2 and partially sensor 3 produce a
value of Fr <0.09.

Table 2 Froude number (Fr) on each sensor each series

F: for Vmax+ at Sensor F; for Vmax-at Sensor

Variety H/gT?
1 2 3 1 2 3

ohHiT, 0.0088 0.159 0.003 0079 0.152 0.001 0.011
diH,T, 0.0084 0284 0007 0.121 0237 0000 0.058
diHeTs 0.0073 0341 0065 0.185 0241 0002 0.012

d.H;T; 0.0088 0.108 0.005 0.019 0.159 0.001 0.005
doH,T, 0.0084 0.203 0.017 0.060 0.195 0.009 0.006
doHsT; 0.0073 0.512 0.030 0.262 0.229 0.020 0.043
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4.0 CONCLUSION

The porous pile cone breakwater (PPCB) model series
1 and 2 are promising shoreline structure models that
effectively reduce the wave velocities. Both types of
breakwaters were able to reduce the velocity (V) in
the structure area by more than 90%. Under the
highest wave condition, the submerged PPCB
reduced the velocity by 11.3% more compared to the
emerged PPCB. Furthermore, the submerged PPCB
also produced lower Vx values in the coastal area
behind the structure, ranging from 80% to 88%. These
findings indicate that the submerged PPCB
demonstrates better performance in protecting the
shoreline against abrasion through the dissipation of
incoming wave energy.

However, based on the analysis of maximum
velocity (Vma) and Froude number (Fr), both PPCB
models can be shoreline structures that can preserve
the life of marine biota, as the maximum velocity and
Fr values generated by each model in the structure
area are suitable for the growth of coastal
ecosystems.
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