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Abstract

Coastal protection structures are crucial for reducing wave impacts and protecting vulner-
able shorelines and coastal ecosystems. The hydrodynamic performance of a Semicircu-
lar Breakwater with Cover (SBWC) under regular wave conditions was evaluated using
physical flume experiments and computational fluid dynamics (CFD) modeling. A total
of 216 regular-wave laboratory tests were conducted across four relative submergences
(Ry, =d/h =0.67,1.00, 1.33, and 1.67), three wave steepness values (S; = H;/L= 0.02, 0.04,
and 0.06), and 18 wave periods (T = 0.8-2.5s), corresponding to relative breakwater widths
(B/L =0.17-1.22). CFD simulations were conducted in FLOW-3D using the Volume of Fluid
(VOF) method and validated against physical flume measurements to assess the model’s
ability to reproduce the hydrodynamic performance of the SBWC. The validated CFD
model reproduced the measured transmission, reflection, and energy loss coefficients across
all tested conditions, providing a basis for future investigations under other conditions
within an appropriate range of applicability. Under emerged conditions (R, = 0.67), the
SBWC functions primarily as a wave-reflecting structure, yielding low wave transmission
(Cr = 0.07-0.37) and high reflection (Cy = 0.41-0.91). At the partially submerged condition
(Rgn = 1.00), wave energy dissipation was maximized, with the energy loss coefficient (C; )
reaching 0.93 due to wave breaking and turbulent shear across the SBWC. Non-linear multi-
variable empirical models incorporating second-order interaction terms were developed
to predict Cr, Cg, and C;, with coefficients of determination of R? = 0.84, 0.84 and 0.52,
respectively (RMSE = 0.13, 0.10 and 0.12). Cubic polynomial models raised R? to 0.91,
0.89 and 0.63. A comparison with the uncovered semicircular breakwater shows that the
cover reduces wave transmission mainly when the still-water level is at the caisson crown.
These findings quantify the hydrodynamic response of the SBWC and provide empirical
equations for preliminary estimates of wave transmission, reflection and energy dissipation
under regular waves, within the tested ranges.

Keywords: semicircular breakwater with cover; laboratory experiments; wave transmission
coefficient; wave reflection coefficient; energy dissipation coefficient; CFD modelling; FLOW-
3D; empirical prediction
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1. Introduction

Coastal protection plays a vital role in safeguarding coastal communities, infrastructure,
and maritime operations from wave action and shoreline erosion [1,2]. The design and hy-
draulic assessment of coastal protection structures depend on a reliable description of wave
characteristics and wave-structure interaction [3]. Breakwaters are widely used as coastal
defence structures to reduce wave height, attenuate wave energy, and modify the nearshore
hydrodynamic environment [4,5]. They are broadly classified into rubble-mound, vertical
and composite breakwaters, each exhibiting distinct hydraulic and structural characteris-
tics [6]. In rubble-mound breakwaters, incident wave energy is dissipated by turbulence
and friction within the porous armour, and the stability of their armour is governed by fac-
tors such as wave period, storm duration, structural permeability, and wave steepness [6,7].
Conversely, solid vertical breakwaters primarily reflect incoming wave energy and provide
comparatively limited energy dissipation, and they must be designed to withstand severe
wave impact loads [3,8]. The choice of breakwater type is thus a compromise between wave
attenuation, structural stability, constructability and site-specific environmental constraints.

Nature-based solutions, such as mangrove forests, complement engineered coastal
structures by attenuating waves and storm surges, stabilizing the shoreline and seques-
tering carbon in sheltered, muddy coastal areas [9,10]. Permeable breakwaters built from
natural materials, such as bamboo wave screens and bamboo fences, have been used to
reduce wave heights and promote sedimentation in front of mangrove belts [11,12]. How-
ever, despite restoration projects worldwide aimed at reversing losses caused by coastal
development and other human activities [13,14], newly planted mangrove saplings suffer
high mortality when exposed to strong hydrodynamic forces, substrate erosion and wave
action [15-17]. Hybrid engineering structures that minimize the energy of incoming waves
while maintaining nearshore hydrodynamic circulation can protect saplings during early
establishment [2,18,19].

Conventional hard structures remain the most widely used form of coastal defence.
Rubble-mound breakwaters depend on the stability of their armour layers to dissipate
wave energy [7], whereas vertical and composite caisson breakwaters reflect much of
the incident energy and require careful treatment of wave loads, scour and foundation
stability [3,6]. Nature-based and hybrid solutions have been promoted as complements
to hard structures because they combine wave attenuation with ecological benefits [20],
but their performance is limited by the hydrodynamic loads that the natural element can
tolerate. Semicircular breakwaters (SBWs) are hard, caisson-type structures whose curved
profile is reported to reduce the horizontal wave load on the foundation and whose hollow
interior reduces the concrete volume [2,5,19]. SBWs have been constructed in Japan and
China and examined in emerged, free-surface and submerged configurations [2,21,22].
Reported limitations are that an emerged, solid SBW acts mainly as a wave reflector, while
a submerged SBW transmits a large part of the incident wave energy [2,5,19]. Complete
suppression of wave action is not required for applications such as mangrove protection
on muddy coasts. In such settings, a small-scale submerged SBW that attenuates waves
through partial reflection and breaking and transmits only part of the energy to the lee side,
is adequate and has minimal visual impact on the coastal landscape. These limitations and
functional requirements motivate geometric modifications to enhance energy dissipation
without sacrificing structural stability, and they form the basis of the semicircular breakwater
with cover (SBWC) investigated in this study.

The first prototype semicircular caisson breakwater was built at Miyazaki Port, Japan,
in 1992-1993 and was designed to withstand severe storm waves [23-25]. Its performance
encouraged the use of semicircular breakwaters at other ports in Asia, particularly in China.
In 1997, a 527 m long semicircular breakwater was built to protect the southern area of
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Tianjin Port, China [26]. In 2000, the first phase of the Yangtze Estuary Deepwater Channel
Improvement Project in Shanghai was completed, including an 18 km semicircular jetty [26].
More recently, SBWs have also been applied for shoreline protection on the Mekong Delta
coast, Vietnam [25,27]. The caisson’s curved shape affects the interaction between incident
waves and the breakwater, and the hollow design can reduce the structural mass and
foundation loading compared with conventional solid caissons [2,5], and the semicircular
geometry is also reported to offer good wave attenuation, inherent structural stability, cost
efficiency and aesthetic appeal [19,21,22]. Based on their perforation arrangement, SBWs
have been classified into four principal configurations: (a) impermeable SBW, (b) front-
perforated, (c) rear-perforated, and (d) totally perforated structures [28,29], as shown in
Figure 1.

Figure 1. SBW types: (a) impermeable SBW, (b) front-perforated SBW, (c) rear-perforated SBW,
(d) totally perforated SBW. Adapted from [2] (Al-Towayti et al., PLOS ONE, Public Library of Science,
2025), under the terms of the Creative Commons Attribution 4.0 International (CC BY 4.0) license.

2. Literature Review

Experimental, numerical, and field studies have investigated the hydraulic and struc-
tural response of SBWs under regular and random wave conditions [2,5,19,30-32]. Experi-
mental studies have examined free-surface semicircular breakwaters under irregular waves,
showing that porosity influences wave transmission, reflection, and energy dissipation, as
well as the resulting wave forces [33]. Other investigations of semicircular breakwaters
equipped with truncated wave screens demonstrated that the screen configuration affects
Crand C;, [34]. More recently, a pile-supported free-surface semicircular breakwater was
examined under regular waves, showing that its hydrodynamic performance depends
on wave conditions and structural geometry, with empirical relationships developed for
the resulting hydrodynamic coefficients and wave forces [30]. Field monitoring of the
Miyazaki Port SBW demonstrated that the curved caisson wall can reduce horizontal wave
forces and consequently improve resistance to sliding during severe wave conditions [32].
Early experimental and numerical investigations quantified the wave pressures and forces
acting on SBWs under emerged, alternately submerged and submerged conditions [28,35],
while laboratory measurements showed that dynamic wave pressures on semicircular
caissons vary with relative submergence ratio and wavelength [5,36]. In evaluating conven-
tional wave-pressure formulations, the differences between Goda’s modified formulation
and measured wave pressures on SBWs under different relative submergence ratios have
been studied [3,28]. Subsequent experimental investigations demonstrated that rubble-
foundation height, water depth, and caisson perforation ratio can substantially influence
wave transformation around SBWs [37].

Other studies have examined the effects of porosity, submergence, wave steepness,
and structural stability on SBW performance. Investigations of porous semicircular and
cylindrical structures have shown that wave energy dissipation is influenced by incident
wave height and chamber geometry [38]. For emerged breakwaters, the wave reflection
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increases with decreasing wave steepness and wave period [2,5,19]. For submerged config-
urations, wave reflection from vertical and semicircular breakwaters has been measured
and empirical relationships for the reflection coefficient based on relative submergence have
been developed [39]. Other studies investigated the sliding stability of semicircular break-
waters and reported that the required structural self-weight varies with wave steepness
and water depth [40]. Collectively, these studies demonstrate that SBW performance is
governed by the interaction between structural geometry, water depth, wave characteristics,
and foundation conditions.

The application of SBWs has recently been extended to multifunctional and hybrid
coastal protection systems. A VARANS model incorporating Biot’s partially dynamic
seabed equations has been used to investigate porous submerged semicircular breakwaters
combined with rear sloping breakwaters. The results indicated that the position of the
porous breakwater relative to the incident wave field can influence wave energy dissipation
and seabed response [41].

Later research integrated oscillating water columns (OWCs) with SBWs to examine
the wave attenuation and wave energy conversion of such dual-function systems [42].
Numerical comparisons of submerged rectangular, sloping, and semicircular breakwaters
using RANS k- turbulence modelling have further shown the influence of breakwater
geometry on wave dissipation, local flow disturbance and near-bed turbulence [43]. These
studies show the versatility of modified SBW configurations in multifunctional coastal
engineering applications.

Numerical modelling has also advanced the study of nonlinear wave-structure inter-
action around complex coastal structures. Computational Fluid Dynamics (CFD) models
based on the Volume of Fluid (VOF) method can capture free-surface deformation and the
associated flow field around coastal structures [5]. FLOW-3D has been applied to a range of
coastal engineering problems involving wave—structure interaction, including breakwaters
and other complex hydraulic structures [5,44]. Previous studies have demonstrated that
VOF-based FLOW-3D simulations can reproduce experimentally measured wave profiles,
reflection characteristics, hydrodynamic pressures, and flow behaviour with reasonable
agreement [5,45]. The combination of physical experiments and validated CFD modelling
therefore provides a suitable framework for investigating modified breakwater geometries
and their associated hydraulic and structural responses [5].

Despite these investigations, previous large-scale SBW studies have predominantly
focused on conventional solid and perforated configurations, with modifications involving
perforation arrangement, submergence, foundation geometry, or integration with other
coastal and energy systems. The influence of incorporating a solid top cover across the upper
portion of a small-scale semicircular caisson has not been systematically investigated. In
particular, the effects of such a cover on wave transmission, reflection and energy dissipation
have not been assessed. The proposed cover changes the wave-exposed geometry and
local flow field around the caisson; its influence on the partition of wave energy therefore
needs to be quantified. Furthermore, the internal space formed beneath the top cover may
accommodate ballast material, providing a potential means of adjusting structural stability
according to site-specific foundation and loading conditions.

Accordingly, this study introduces and investigates a modified small-scale semicircular
breakwater with a top cover (SBWC) under regular wave conditions. The hydrodynamic per-
formance of the SBWC, evaluated through the wave transmission coefficient (Cr), reflection
coefficient (Cy), and energy loss coefficient (C;), is systematically assessed using physical
flume experiments. A validated two-dimensional (x—z plane) CFD model (FLOW-3D) is
then used to examine the wave-structure interaction and to verify the consistency of the
measured coefficients. The influence of governing non-dimensional parameters including
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the relative submergence ratio (Ry, = d/h, where d is the still-water depth and /1 = 0.60 m
is the characteristic caisson height), wave steepness (S; = H;/L, where H; is the incident
wave height and L is the local wavelength), and relative breakwater width (B/L, where
B =1.20 m is the base width of the breakwater) is analyzed across an extensive operational
dataset (N = 216). Finally, second-order and cubic multiple polynomial regression (MPR)
empirical relationships incorporating linear, quadratic, interaction and cubic terms are
established to estimate the hydraulic performance of the proposed SBWC configuration
within the tested ranges, for preliminary coastal engineering applications.

The structure of the paper is as follows. Section 2 reviews previous studies on SBWs
and identifies the research gap. Section 3 outlines the physical experimental setup and wave
measurement procedure. Section 4 presents the FLOW-3D numerical methodology and
model validation. Section 5 describes the empirical regression approach. Section 6 presents
and discusses the experimental, numerical, and empirical results. Section 6.4 quantifies the
effect of the top cover by comparison with the uncovered SBW. Section 7 compares empirical
models of increasing polynomial order and presents cubic equations. Section 8§ summarizes
the principal findings and conclusions.

3. Physical Experimental Methodology
3.1. Physical Wave Flume and SBWC Model Setup

Physical experiments were conducted at the Offshore Engineering Laboratory, Uni-
versiti Teknologi PETRONAS, in a wave tank measuring 20.0 m in length, 0.8 m in width,
and 1.5 m in height. Regular waves were generated at the upstream boundary using a
piston-type wavemaker that is equipped with an active wave absorption system capable of
absorbing over 96.5% of reflected wave energy under target operating conditions [2,5]. To
further minimize wave reflections from the downstream boundary, a passive beach absorber
with a 1:10 slope was installed at the end of the tank.

The Semicircular Breakwater with Cover (SBWC) physical model was built at a Froude
scale of 1:2.5 from reinforced concrete with a density of 2400 kg/m? to suit the dimensions
of the facility and to provide a stable model. As illustrated in Figure 2, the SBWC cross-
section features an outer base radius R = 0.60 (yielding a total base width B = 1.20 m),
a caisson body height of & = 0.60 m, an overall height including the 0.04 m top cover
deck of h; = 0.64 m, and a longitudinal length of 0.80 m, spanning the full width of the
wave tank. The self-weight of the concrete caisson was sufficient to prevent sliding and
overturning under wave action. To prevent leakage and parasitic side flows during testing,
the gaps between the model edges and the flume side walls were completely sealed using
silicone sealant and cement. All internal joints and small gaps were thoroughly sealed with
cement grout and silicone sealant to ensure structural impermeability, preventing water
from entering or accumulating inside the breakwater caisson during overtopping events.
The model therefore remained fixed throughout the tests, and the measurements represent
the hydrodynamic response alone. The top cover extends across the crown section, adds to
the resistance against wave-induced sliding and overturning, and is intended to modify the
interaction between the incident wave crests and the structure and thereby to increase wave
attenuation. Its configuration is shown in Figure 3.

In the SBWC configuration, the open-top caisson body (Figure 2b) is capped at the
crown by a solid cover deck (Figure 2a). This modification serves two distinct purposes:
first, it forms an enclosed internal chamber that can hold ballast material to adapt structural
weight to site-specific geotechnical and wave loading requirements; second, it alters the
crest profile so that overtopping water streams across a continuous flat deck rather than
plunging into an open cavity. The hydrodynamic changes induced by the capping of the
crown, which alters the wave breaking, jet deflection and turbulence in the shear layer that
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controls wave transmission, reflection and energy loss, are quantified in Section 6.4. All
internal seams and structural joints were fully sealed with cement grout and silicone sealant
to prevent water from entering or accumulating inside the caisson during overtopping.

Figure 2. Isometric views of the SBWC components and their main dimensions: (a) top cover,
(b) caisson body before assembly, and (c) assembled breakwater.

(b)

Figure 3. Internal configuration of the SBWC model: (a) exploded view of the four internal units and
partition walls; (b) assembled model with the top cover.

3.2. Regular Wave Test Conditions and Experimental Matrix

Experiments were performed under regular waves at four relative submergence ratios
(Rg, = 0.67, 1.00, 1.33, and 1.67), corresponding to water depths of d = 0.40 m, 0.60 m,
0.80 m, and 1.00 m, respectively. As shown in the schematic cross-sections in Figure 4, these
depths represent emerged, alternatively submerged, submerged, and deeply submerged
operational states. Because the cover deck raises the overall crest of the SBWC to 0.64 m,
the freeboard of the cover deck is +0.24, +0.04, —0.16 and —0.36 m at the four depths
(d/h; = 0.63, 0.94, 1.25 and 1.56, where F; is the overall height including the cover). At
Ry, = 1.00 the still-water level is therefore at the crown of the caisson body, while the cover
deck lies 0.04 m above it and is alternately exposed and overtopped by each wave. Each
test lasted 180 s, and a stable window of more than 20 consecutive steady-state waves was
analysed. Table 1 summarizes the experimental parameters.
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Figure 4. Schematic cross-sections illustrating the wave-structure interaction setup for the SBWC
model across the four tested relative submergence: (a) Ry, = 0.67, (b) Ry, = 1.00, (¢) Ry, = 1.33, and
(d) Rdh = 1.67.

Table 1. Summary of physical experimental wave parameters and operational test conditions.

Parameter Symbol ‘];;11:1 eersi?;:;:;l Units
Caisson Body Height h 0.60 m
Total Height (incl. 0.04 m cover) hy 0.64 m
Breakwater Base Width B 1.20 m
Model Length L, 0.80 m
Water Depth d 0.40, 0.60, 0.80, 1.00 m
Relative Submergence Ry 0.67,1.00, 1.33, 1.67 -
Freeboard of Cover Deck R.=h —d +0.24, tggzé’ —016, m
Wave Period T 0.8-2.5, AT =0.1 S
Wave Height H; 0.01-0.35 m
Wavelength L 0.99-6.96 m
Relative Water D.epth (wave-depth /L 0.08-1.00 .

regime)

Dimensionless Wave Number kd 0.53-6.28 -
Wave Steepness S; 0.02, 0.04, 0.06 -
Relative breakwater Width B/L 0.17-1.22 -
Total Experimental Runs N 216 -

Because the SBWC spans the full flume width and all structural joints were hermet-
ically sealed, no water entered the caisson chamber. Water carried over the crest during
overtopping could return seaward only across the crest, which could induce a minor set-up
of the mean water level on the lee side during emerged (R, = 0.67) and alternatively
submerged (R, = 1.00) test conditions. To maintain rigorous experimental control, the
still-water depth was verified prior to each test run, and the flume was allowed to settle
completely between runs to ensure that every experiment started from the target depth (d).

Wave-depth regime. Using linear wave theory, the 18 wave periods give d /L = 0.08-0.40
for d = 0.40 m, 0.11-0.60 for d = 0.60 m, 0.13-0.80 for d = 0.80 m and 0.14-1.00 for
d=1.00m (kd = 0.5-2.6, 0.7-3.8, 0.8-5.0 and 0.9-6.3, with k = 27t/L). All tests therefore
lie in intermediate-depth (0.05 < d/L < 0.5) or deep-water (d/L > 0.5) conditions; none is
in the shallow-water regime. The long waves at the smaller depths are subject to stronger
finite-depth and nonlinear effects than the short waves, whose orbital motion decays rapidly
with depth so that they interact mainly with the upper part of the structure. For the fixed
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geometry tested, B/L, H;/L and d/h determine d/L and the relative freeboard, and hence
the wave period T.

3.3. Free-Surface Elevation Measurement and Wave Decomposition

As shown in Figure 5, surface elevation time series were recorded using six capacitance-
type wave probes sampled at 50 Hz. All probes were calibrated before testing, achieving
linear regression coefficients exceeding R? = 0.9999 across all channels. Probes WP1, WP2,
and WP3 were positioned upstream of the model to separate incident (H;) and reflected (Hy)
wave components using the three-point least-squares method of Mansard and Funke [46].
Probes WP4, WP5, and WP6 were installed on the lee side to evaluate transmitted wave
heights (Hr).

= — = 4 Wave Maker PC H Datla—l.ogging PC |
WP1 WP2 WP3 WP4 WP5 WP6
Control Box e e — T 1

SNe—
0.8m || | | pran view
\h
Wave Probes
Wave Generator \L SHING )L Wave Absorber
¥ * o0 | ° o0
gm0 | [ steview.
NI ¥ e EFDRTTEY Vel RS
WP1 WP2 WP3 ‘ WP4 WP5 WP6
10.0m
20.0m

Figure 5. Plan and side views of the 20.0 m wave flume showing the wave maker, wave absorber,
SBWC position, and wave probe locations (WP1-WP3 seaward and WP4-WP6 leeward) for R, = 0.67.

The seaward wave probes (WP1-WP3) were positioned according to standard wave-
separation criteria, with X;, = L/10 and L/6 < X;3 < L/3, where L is the local wavelength
calculated using the linear wave dispersion relation (L = 0.985-6.964 m), to minimise errors
in separating incident and reflected waves [47]. Specifically, X; = 4.7 m represents the
distance from the wavemaker paddle to the first wave probe (WP1) to allow full development
of incident wave trains; X, is the longitudinal spacing between WP1 and WP2, designed to
resolve phase differentials without spatial aliasing; X3 is the longitudinal distance between
WP1 and WP3, fulfilling the non-integer phase relationship required for the three-point
wave separation method; and Xp; = 4.7 m denotes the offset distance from the first wave
probe (WP1) to the front face of the breakwater model. The seaward array was positioned
at an offset distance Xp;/L = 0.67-4.77 (satisfying Xz, > 0.5L across all test runs) upstream
of the structure to avoid localized evanescent wave contamination and spatial disturbance
from near-field wave reflections [46,48].

The spacing criteria follow Goda and Suzuki [48] and Mansard and Funke [46]. Plac-
ing the nearest gauge at a distance of the order of one wavelength or more from the structure
is common practice for limiting the influence of evanescent modes generated at the struc-
ture [46,48]. WP2 and WP3 were repositioned for each wave condition according to the
corresponding wavelength (L = 0.985-6.964 m) so that X;, = L/10 and L/6 < X;3 < L/3.
WP1 was kept at a fixed distance of Xz; = 4.7 m from the front face of the structure
(Xg1/L = 0.67-4.77); for the longest waves this is less than one wavelength. The gauge
configuration affects the uncertainty of the incident-reflected wave separation [47].

https://doi.org/10.3390/jmse14212091
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3.4. Hydrodynamic Performance Assessment

The hydraulic efficiency and wave attenuation capability of the Semicircular Breakwater
with Cover (SBWC) are evaluated using non-dimensional hydrodynamic performance
coefficients: the transmission, reflection and energy loss coefficients.

The transmission coefficient (C7) quantifies the proportion of wave height transmitted
past the structure to the lee side:

Hr
Cr= o (1)
where Hr represents the transmitted wave height, measured by the leeward probe array
(WP4-WP6), and H; is the incident wave height resolved from the seaward probe array
(WP1-WP3) using the Mansard and Funke wave decomposition method [46].

The reflection coefficient (Cy) represents the fraction of the incident wave height

reflected seaward from the breakwater front face:

H
Cr=4 (2)

where Hy, is the reflected wave height. Applying conservation of wave energy flux across
the surrounding fluid domain yields the energy balance relation:

CR+Ch+C =1 (3)

Rearranging Equation (3) yields the wave energy dissipation coefficient (C; ), repre-
senting wave energy loss driven by crest overtopping, surface wave breaking, turbulent
friction across the SBWC, and vortex shedding near the structural edges:

CL:\Il_C%“_C%{ (4)

4. Numerical Methodology and Computational Approach
4.1. Numerical Rationale and Validation Setup

Two-dimensional (x—z plane) computational fluid dynamics (CFD) simulations were
performed using FLOW-3D to complement the physical flume experiments and evaluate the
model’s ability to reproduce the measured hydrodynamic coefficients (Cy, Cz and C; ). The
computational settings, including grid resolution, time-step stability criteria (CFL < 1.0),
and wave-absorber sponge-layer parameters, were established to ensure numerical stability
and appropriate wave propagation and absorption.

The model was evaluated against the experimental results across the investigated ranges
of relative submergence ratio (R, = 0.67-1.67), wave steepness (S; = 0.02-0.06), and relative
breakwater width (B/L = 0.17-1.22). Numerical wave probes were positioned at the same
locations as the physical wave gauges (WP1-WP6). The simulated hydrodynamic coefficients
were compared with the corresponding experimental values using the mean squared error
(MSE), root mean square error (RMSE), mean absolute deviation (MAD), mean absolute
percentage error (MAPE), and coefficient of determination (R?). The results quantify the
agreement for each submergence ratio and wave steepness range. The CFD model thus
provides an independent check on the laboratory results within the tested range.

4.2. Description of Computational Modelling Approach

The numerical simulations were performed in FLOW-3D. The SBWC model was gen-
erated in SolidWorks (version 2023; Dassault Systémes, Vélizy-Villacoublay, France) and
imported into the solver in Stereolithography (.stl) format. Computations were performed
in a numerical wave tank measuring 20.0 m long, 1.5 m high, and 0.8 m wide.

https://doi.org/10.3390/jmse14212091
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A multi-block nested mesh was adopted to limit the computational cost while resolv-
ing the flow in the vicinity of the caisson. The background grid had cell dimensions of
Ax = Az = 0.04 m to resolve wave propagation throughout the flume domain. A locally
refined nested grid with cell dimensions of Ax = Az = 0.02 m was applied around the
structure to better capture wave—structure interactions and local flow variations [5]. The
SBWC was located near the middle of the tank, leaving sufficient length upstream for wave
development and downstream for wave decay.

Free-surface kinematics and non-linear wave deformation around the breakwater
cross-section were resolved using the Volume of Fluid (VOF) method [5]. Four relative
submergence ratios (R, = 0.67, 1.00, 1.33, and 1.67) were evaluated to model the target
operational states. Six numerical wave probes recorded surface elevation time-series along
the channel. Upstream probes WP1, WP2, and WP3 recorded composite wave fields for
incident and reflected wave decomposition via the three-point least-squares technique of
Mansard and Funke method [46], while leeward probes WP4, WP5, and WP6 measured
transmitted wave heights.

As illustrated in the computational domain schematic (Figure 6), the boundary condi-
tions were specified to replicate the laboratory setup. At the upstream inlet (X,,;,), regular
incident waves were prescribed using FLOW-3D’s wave boundary condition based on
linear wave theory. Target wave heights and periods from each laboratory test defined
the input wave signals, and the resulting incident wave heights recorded at numerical
probes WP1-WP3 were verified against physical flume measurements. At the downstream
boundary (X,,,,), an active absorption condition combined with a 2.0 m sponge layer was
implemented to damp transmitted waves and minimize artificial reflections, taking the
place of the 1:10 passive beach installed in the flume. The upper boundary (Z,,,,) was
defined as an atmospheric-pressure boundary, while the tank bed (Z,,;,) was modelled
as a smooth, no-slip wall representing the concrete laboratory floor. Bed friction was ac-
counted for through the no-slip condition and the standard wall-function treatment in the
turbulence model. Symmetry boundary conditions were applied to the lateral boundaries
(Y in and Y, ). As the SBWC extended across the full width of the flume, the flow field
was assumed to be essentially two-dimensional in the x—z plane, consistent with the two-
dimensional numerical formulation described in Section 4.3. Finally, numerical wave probes
(WP1-WP6) were placed at the same locations as the physical wave gauges to extract the
wave parameters and enable direct comparison between the numerical predictions and
experimental measurements.

Inlet wave
maker (Xnin)

Top Boundary (Zma): Atmospheric Pressure (Patm)

WP1 WP2 WP3 Block Mesh 4x =4z =0.04 m WP4  WP5 WP6

Y Y — e N —

| | Refine Block Mesh
( Ax = dz= 0.02m

| sBWC

Bottom Bed Boundary (Zmin): Smooth Concrete Wall (No-Slip)
Side Wall Boundaries (Ymin, Ymex): Symmetry Boundaries

("x)
12q10Sqe PINQ

Figure 6. Computational domain setup in FLOW-3D, detailing boundary conditions, mesh refinement
zones, SBWC model placement, and wave probe locations (WP1-WP6).

4.3. Governing Equations of Computational Model

Fluid flow within the x-z plane is governed by the two-dimensional incompressible
Reynolds-Averaged Navier-Stokes (RANS) equations, along with the continuity equa-
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tion [5]. Incorporating fluid density, volume fractions, and mass source terms, the general
continuity equation is expressed as:
Ve dp 1 Jd(uA,) 1 Jd(wA,) ; UuA, Rsor 5)
p ot RVp ox Vp 0z RV 0

Assuming an incompressible fluid (o = constant), Equation (5) simplifies to:

1 9(uA,) 1 d(wA,) Cqu _ Rgor
RVp ox Ve 0z RVy

(6)

The horizontal (x) and vertical (z) Cartesian momentum equations are defined as:

d 1 0 0 10P R
_“+—{A—”+wA ”}=“—+Gx+fx—bx— 2Ru—u)  (7a)

ot Vp| Tox 29z 0 ox oVe
dw 1 Jw dw)  10P Rsor
E-FV—F{qua—x-i—wAza—z} __‘;a_Z+GZ +fz_bz_ oV (W — w;) (7b)

where 1 and w are the fluid velocity components in the x and z directions, respectively; t is
time; A, and A, denote the fractional area fractions open to flow; V} is the open volume
fraction, p is fluid density, P is pressure, Rpr is turbulent diffusion, and Rgpor represents
mass source inputs, (G,, G,), is body accelerations, (f,, f,), is viscous accelerations, (b,, b,)
account for hydraulic head losses across solid obstacles, and (u,, w,) are mass injection
velocity components.

4.4. Free-Surface Modelling Using the Volume of Fluid (VOF ) Method

Free-surface motion was tracked using the Volume of Fluid (VOF) formulation, which
computes local fluid volume fractions within each computational cell while enforcing
interface boundary conditions. The spatial distribution of water is defined by a scalar fluid
fraction function F, where empty cells (F = 0) represent the gas phase, submerged cells F = 1
represent the fluid phase, and interface cells fall within 0 < F < 1 (Figure 7). Neglecting
air-phase calculations in empty cells optimizes computational efficiency without altering
surface wave kinematics. Two-dimensional advection of F is governed by:

OF 1 (3(F,A,)  9(F,A)) _
=+ V_p{ 5 T o, = Fpir + Fsor (8)

1[0 oF d oF
Fpip = V—F[a(UPAxa) + &(’UFAZE>:| )

where vy is the fluid diffusion coefficient and Fsor represents volume source terms.

|
ater|Surfdce
F£0
< K
£
-]
3 §
©
o
1.20m

Figure 7. Cross-sectional grid schematic of the Semicircular Breakwater with Cover (SBWC) model
showing Volume of Fluid (VOF) cell tracking configurations (F=0,0 < F<1,F =1).
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4.5. Turbulence Closure Model

Turbulence was modelled using the standard two-equation k-= model [49], which
calculates transport equations for turbulent kinetic energy (k) and its dissipation rate (¢).
It should be noted that standard two-equation RANS closures are known to potentially
over-predict turbulence production under surface gravity waves unless specific stabilization
or modified closures are applied [50].

ok 1 ok ok 0,
§+V_F{MAX$+WAZE}_Pk+Gk+V'<0'_ka>_£ (10)

de 1 e de € o 2

T V—F{qug + wAzg} = ClsE(Pk + C3.Cy) + V-(ZVS> — ng? (11)
where Py is shear production, G; is buoyancy production, v, = C#k2 represents eddy
viscosity, 0 and o, are the turbulent Prandtl numbers for k and ¢, respectively; and standard
closure coefficients were applied (C,, = 0.09, C;, = 1.44, C,, = 1.92, 0}, = 1.0, 0, = 1.3). No-
slip wall conditions were applied along the solid SBWC boundary, with the wall turbulence
mixing length determined dynamically.

The model was validated through direct comparison of the simulated and measured
values of Cr, Cg, and C; across the tested operational spectrum. The standard k-¢ turbulence
model was selected because it efficiently resolves free-surface deformation and far-field
wave propagation while maintaining numerical stability during complex overtopping events
over the cover deck. Identical standard closure coefficients were used in all simulations.

4.6. Mesh Sensitivity Analysis and Grid Independence

Mesh convergence was assessed using different levels of mesh resolution, ranging from
coarse background grids to fine local grids. The mean flow velocity (1) and corresponding
Froude number (F, = =, where ¢ = 9.81 m/s? is gravitational acceleration and d is the

gd

water depth) for each tested mesh configuration are presented in Table 2.

Table 2. Flow velocity and Froude number sensitivity results obtained using different cell sizes tested
in FLOW-3D.

Grid Level Cell Size, Ax  Flow Velocity, u Froude Convergence
(m) (m/s) Number, Fr Status
Coarse 1 0.10 0.035 0.067 Not converged
Coarse 2 0.08 0.035 0.065 Not converged
Medium 1 0.06 0.034 0.064 Transition
(x:\fg‘,}?ni) 0.04 0.036 0.069 Selected Tank Domain Grid
Fine 1 0.03 0.039 0.074 Converging
(SBV\I;E“EAZO del) 0.02 0.039 0.073 Selected Model Refinement
Ultra-Fine 0.01 0.039 0.073 Fully Converged

(0% variation)

The mean velocity (0.039 m/s) and Froude number (0.073) showed negligible changes
when the local structural grid was refined from Ax = 0.02 m to 0.01 m. A 0.04 m background
mesh combined with a 0.02 m local mesh around the structure was therefore adopted,
offering adequate resolution at a reduced computational cost.

The Froude numbers reported in Table 2 represent time-averaged local flow velocities
recorded at a single monitoring point during the calibration run and serve only as an
indicator of mesh convergence; they do not characterise the wave kinematics of the test
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programme. Across the 216 test cases, the estimated orbital velocity ranges from 0.08 to
0.68 m/s, corresponding to (Fr,,) values of approximately 0.03-0.22. The wave-induced flow
is therefore subcritical. However, localized high velocities, potentially including supercritical
flow, may occur in thin overtopping jets above the cover deck. Although the VOF method
captures the free-surface evolution associated with such flows, their accurate resolution
depends on the computational mesh. The numerical model was validated within the range
of experimentally investigated conditions.

4.7. Dynamic Adaptive Time-Stepping and Stability Criteria

To maintain numerical stability in the transient wave calculations, time steps were
dynamically adjusted based on the Courant-Friedrichs-Lewy (CFL) criterion:

Ve Ax;
Atepp < min(F—x') (12)

Ajluy| + \/g—d

where Ax; = 0.02 m represents the minimum local spatial cell size, |u;| is local flow velocity,
¢ =9.81 m/s?, d is the water depth, VF denotes the fractional volume available for flow, and
Ai represents the fractional area available for flow. The Courant limit was set at CFL < 1.0
with a safety factor of 0.85, which limits the time-step bounds between At,,;, = 0.0008 s and
Aty = 0.0160 s.

In a typical run, the time step passed through three phases over the 3.0 min (180 s)
simulation period. As shown in Figure 8, prior to wave arrival (f < 0.2 min), time steps
remained near the upper bound (At ~ 0.0160 s). As waves interacted with the caisson
crest (0.2 min <t < 1.25 min), localized velocity increases caused time steps to adjust
dynamically between 0.002 s and 0.007 s to satisfy the CFL limit. Once wave overtopping
and turbulence fully developed (t > 1.25 min), time steps stabilized around an average

value of At ;. ~ 0.0024 s.

— 0.02

)

S 0.015 —

\

n o 0.01

o

£ 0.005

V)]

&

£ 0

= 0 0.5 1 1.5 2 2.5 3
Simulation Time, t (min)

Figure 8. Time-step evolution At over a 3.0 min simulation duration (18,000 sampling points) for the
SBWC model.

4.8. Statistical Validation and Error Analysis

To quantify the predictive accuracy and validate the agreement between experimental
physical tank observations (A;) and numerical or empirical predictions (M;) across n test
conditions, a comprehensive suite of statistical metrics is evaluated. The coefficient of
determination (R?) assesses the proportion of variance in the experimental data explained
by the model:

SSyes _ 4 Uiy (A= M)

RZ=1-
SSior Z?:l (Ai _ Z)z

(13)
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where A denotes the arithmetic mean of the measured experimental values. To penalize
larger localized discrepancies and evaluate the average absolute deviation magnitude, the
Mean Square Error (MSE) and Root Mean Square Error (RMSE) are expressed as:

1

MSE= — % (A~ M)’ (14)
1

RMSE = \IE Y (A—-M) (15)

Furthermore, the Mean Absolute Deviation (MAD) measures the average absolute
magnitude of the prediction errors, while the Mean Absolute Percentage Error (MAPE)
quantifies the relative discrepancy in percentage terms:

1
MAD = ZZZ-:JAI' - M| (16)

Aj
In the following sections, R? values close to 1.0 together with low RMSE, MAD and
MAPE values are taken to indicate good agreement across the tested ranges of wave steep-

100% —n
MAPE= —=3% (17)

ness (S;) and relative submergence ratio (Ry,).

5. Empirical Regression Modeling Methodology

Non-linear predictive relationships for Cr, Cg, and C; were derived through multivari-
able regression in IBM SPSS Statistics 27 (IBM Corp., Armonk, NY, USA) (second-order
models) and Design-Expert 13 (higher-order models, Section 7). The model evaluates
the dependent hydraulic coefficients (Cr, Cg, C;) against the non-dimensional governing
parameters (Hl = %, I1,=S5,, II; = Rdh).

Multiple Linear Regression (MLR) was evaluated initially:

Y = BO + B1H1 +B2H2 + B3H3 + € (18)

where Y represents the dependent hydraulic performance coefficients Cy, Cg, C;, By is the
intercept, By, B,, Bj are partial regression coefficients, and ¢ is the residual error.

Initial diagnostic evaluation confirmed that single-variable linear and power-law formu-
lations were insufficient to model the non-linear hydraulic transitions across the evaluated
submergence range (R, = 0.67-1.67). Consequently, a second-order polynomial model
with cross-variable interaction terms was adopted. This quadratic interaction approach
accounts for non-linear coupling among relative breakwater width (II; = B/L), wave
steepness (I1, = S;), and relative submergence (I1; = Ry,) during crest overtopping, jet
deflection, and vortex generation across the SBWC. The unified quadratic interaction model
is expressed as:

Y = a,IT; + a1 1, + a3l1; + a,J 1 + asIT3 + a 113 + a, I 1L, + agl [ IL; + agl LI, + a5 (19)

where a; through a9 denote partial regression coefficients, and a,, is the intercept term.
Predictive performance was assessed using MSE, RMSE, MAD, MAPE, and R2.

The second-order polynomial was initially selected as a relatively simple empirical
formulation capable of capturing the nonlinear relationships between Cr, Cg, and C; and
B/L, including the changes in trends observed between emerged and submerged conditions.
Polynomial-based empirical approaches have been used in previous studies to describe
and predict the hydrodynamic performance of semicircular breakwaters [2,30,33]. Higher-
order polynomial formulations were also evaluated, and their comparative performance is
discussed in Section 7.
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Wave period (T) is represented in the model through the wavelength, L (T, d), which
defines both B/L and S;. For a fixed structure geometry where B and & are constant, the
experimental inputs (T, H;, d) map directly to the non-dimensional parameters B/L, S;,
and Ry,. For a given depth, B/L is a one-to-one function of T, so the effect of wave period
on overtopping and transmission is represented through B/L (and, for a given steepness,
through the wave height). A polynomial in these ratios cannot reproduce every functional
form exactly, which may introduce a small bias in overtopping-dominated conditions.
Across the tested wave periods (0.8 s < T < 2.55s), B/L varied smoothly from 0.17 to 1.22,
providing a one-to-one correspondence at each relative submergence level.

Model calibration was performed using the valid runs of the 216 tests. Predictive
capability was assessed by leave-one-out cross-validation (PRESS) in Design-Expert 13
(Section 7). All proposed equations remain purely empirical and must be restricted to the
validated ranges of Ry, B/L, and S;.

6. Results and Discussion

On interaction with the Semicircular Breakwater with Cover (SBWC), the incident wave
energy is partitioned into reflected, transmitted and dissipated components. The relative
submergence ratio (Ry,) and relative breakwater width (B/L) are the main governing
parameters controlling the distribution of energy among these components, while wave
steepness (S;) has a secondary influence. The solid top cover changes the near-field flow
kinematics under emerged and submerged conditions. Under emerged conditions, it acts
as a wave-deflecting ledge that blocks advancing wave crests, causing wave breaking and
overtopping. Under submerged conditions, it forms a turbulent shear layer that disrupts
particle orbital motion while allowing deeper velocity fields to pass downstream with
limited interference. These processes are examined in the following sections on the basis of
the flume measurements, FLOW-3D simulations and empirical models.

6.1. Wave Transmission Coefficient (Cr)

Wave transmission past the SBWC was evaluated experimentally and numerically in
terms of the transmission coefficient (Cy), calculated as the ratio of transmitted wave height
(Hry) to the incident wave height (H;). A lower C; value indicates that the SBWC is more
effective in attenuating wave energy.

6.1.1. Experimental Wave Transmission Coefficient

The experimental tests were conducted using regular waves at four relative submer-
gence ratios (Ry, = 0.67,1.00, 1.33, and 1.67). Figure 9 presents the variation in the Cr with
B/L for different wave steepness ranges.

For the emerged condition (R, = 0.67), Cr remains relatively low, ranging from ap-
proximately 0.07 to 0.37 (Figure 9a). A clear reduction in Cy is observed as B/L increases,
with values approaching 0.07 for B/L > 0.8. In this condition, the caisson and cover extend
above the water surface and directly intercept the incoming wave crests. A large propor-
tion of the incident energy is consequently reflected or dissipated by breaking and local
turbulence, and only a limited fraction is transmitted by overtopping. The increase in B/L
corresponds to a reduction in relative wavelength, resulting in stronger interaction between
the incoming waves and the SBWC. At lower B/L, where the waves are relatively longer, a
greater portion of the wave motion can pass over the structure, giving higher Cr values.

A similar decreasing trend is observed for Ry = 1.00 (Figure 9b). Here, C; ranges
from approximately 0.07 to 0.61. The higher values occur mainly at lower B/L, where
the longer waves interact with the structure over a larger vertical portion of the water
column. As B/L increases, the interaction between the wave crests and the top cover
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becomes stronger, accompanied by local breaking, turbulent flow, and flow deflection
around the cover. Consequently, the transmitted wave height decreases, with Cr falling
below approximately 0.20 at the higher B/L values.
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Figure 9. Experimental wave transmission coefficient (Cy) against relative breakwater width (B/L)
at relative submergence ratio (Ry,) of: (a) emerged (R = 0.67); (b) alternatively submerged
(Ry = 1.00); (c) submerged (Ry, = 1.33); and (d) deeply submerged (R, = 1.67).

A markedly different behaviour is observed once the SBWC is fully submerged. At
Ry, = 1.33, the measured Cr values range from approximately 0.55 to 0.97 (Figure 9¢c), while
values between 0.59 and 0.97 are obtained at Ry, = 1.67 (Figure 9d). In both cases, Cy
generally increases with B/L, which is opposite to the trend observed for the emerged and
partially submerged conditions. This behaviour is attributable to the vertical distribution
of the wave-induced orbital motion. For shorter waves, corresponding to higher B/L, the
orbital velocity decreases more rapidly with depth. The flow motion near the submerged
portion of the SBWC is therefore weaker, allowing a larger proportion of the incident wave
to pass over the structure with limited disturbance. Longer waves, represented by lower
B/L, produce orbital motions that extend farther into the water column and interact more
strongly with the submerged caisson, resulting in greater attenuation.

The effect of S; is comparatively smaller than that of Ry, and B/L. Under emerged and
partially submerged conditions, the steeper waves (0.04 < S; < 0.06) generally produce
higher C; values. For a given B/L, steeper waves have larger crest heights relative to the
freeboard of the cover deck and therefore overtop the structure more readily, so that a
larger volume of water is carried to the lee side despite the additional breaking. Under
fully submerged conditions, variations in S; have a less pronounced effect on Cr, as the
wave-induced flow field interacts less strongly with the submerged structure.

6.1.2. Computational Wave Transmission Coefficient

The CFD simulations were carried out in FLOW-3D with the Volume of Fluid (VOF)
free surface tracking and the standard k-¢ turbulence closure model. Figure 10 compares
experimental (Exp) and computational (Comp) Cr against B/L for different R, and wave
steepness ranges. The computational model is able to represent the wave transformation
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trends in the overall field, the near field overtopping kinematics, and the wave attenuation
in the leeward direction for all tested operational states.
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Figure 10. Comparison of experimental (Exp) and computational (Comp) wave transmission coeffi-
cients (Cy) for the SBWC at different B/L, Ry, and S;.

The numerical predictions were compared with the flume measurements using five
statistical indicators for all operational states (Table 3): MSE, RMSE, MAD, MAPE, and R2.

Table 3. Statistical performance metrics for measured and computational wave transmission coeffi-
cients (Cy) across Ry,) and S;.

Relative Wave Mean Root Mean Mean
Target . Mean Absolute N
Parameter Submergence Ratio Steepness Squared Square Absolute Percentage Error R
(Ra) Range (S,) Error Error Deviation &
5, <0.02 0.01 0.07 0.06 0.42 0.84
Emerged
SBWC 0.02< S5, <0.04 0.01 0.08 0.05 0.34 0.93
(R = 0.67) 0.04 <S5, <0.06 0.00 0.07 0.05 0.66 0.76
Alternatively 5, <0.02 0.01 0.12 0.09 0.63 0.76
submerged SBWC  0.02<S; <0.04 0.01 0.12 0.09 0.62 0.90
Transmission (R =1.00) 0.04 < S, <0.06 0.02 0.13 0.09 0.22 0.84
Coe(f(f:ic)ie“t S, <0.02 0.00 0.05 0.03 0.05 0.97
! Submerged SBWC 5 05 s "~ 0,04 0.00 0.04 0.03 0.04 0.97
(Ry =1.33)
0.04 < S, <0.06 0.00 0.04 0.03 0.04 0.97
5, <0.02 0.00 0.04 0.03 0.03 0.98
Submerged SBWC ) 5 < 0.04 0.00 0.05 0.03 0.04 0.98
(Rdh = 1.67)
0.04 < S, <0.06 0.00 0.04 0.03 0.03 0.98
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As shown in the statistical results in Table 3, the submerged configuration (R, = 1.33
and 1.67) exhibits very high predictive accuracy (R?> = 0.97-0.98) for the entire range
of wave steepness. The low residual errors in Table 3, with MSE values of 0.00, RMSE
values between 0.04 and 0.05 and MAD values of 0.03, indicate that the VOF interface
tracking algorithm accurately resolves sub-surface fluid kinematics, wave dispersion, and
the interaction between deeper water particle orbits and the caisson crown deck.

For the emerged (R, = 0.67) and alternatively submerged (R, = 1.00) states, Table 3
indicates that the computational model maintains strong correlation with physical observa-
tions, achieving R? values ranging from 0.76 to 0.93. The minor reduction in R? under low
steepness (S; < 0.02) for Ry, = 0.67 (R? = 0.84) and high steepness (0.04 < S; < 0.06) for
Ry = 0.67 (R* = 0.76) and Ry, = 1.00 (R? = 0.84) is attributable to complex non-linear air-
water entrainment, localized wave slamming, and violent jet breaking across the top cover
deck. In the physical flume, highly aerated overtopping flows generate three-dimensional
air entrainment and turbulent spray that a single-phase VOF continuum formulation approx-
imates with slight energy smoothing. Across all operational conditions in Table 3, MAPE
remains low and maximum RMSE does not exceed 0.13, confirming that the FLOW-3D
numerical setup accurately predicts wave attenuation past the SBWC.

6.1.3. Empirical Wave Transmission Coefficient
To provide a direct formulation for wave transmission past the SBWC without requiring

CFD computations, an empirical model was established using multivariable regression. The
(Cr) is expressed as a function of three dimensionless parameters: ([ [, = B/L), (I [, = 51),

and (J]; = Ry): .
Cr =f[f/ S1, Rdh] (20)

cr=1| 7 5 Ra| = [T, 1, TL] @1)

First-order linear and power-law relationships were insufficient to capture the hydro-
dynamic transitions across the emerged, alternatively submerged, and submerged regimes.
Consequently, a second-order polynomial model with cross-variable interaction terms was
adopted to account for coupling between wavelength, steepness, and water depth during
crest overtopping and wave attenuation:

Cr = a1, + a,I Ty + a1y + a 112 + asI15 + a 13 + a, 1L I, + agl L IT; + agTLIT; + a5 (22)

where g, through a4 are partial regression coefficients and 4, is the intercept constant. The
coefficients in Equation (22) were calibrated in IBM SPSS and are summarized in Table 4.

Table 4. Empirical model parameters and regression coefficients for the wave transmission coefficient
(Cr) prediction model.

Model Term Regression Coefficient Calibrated Value
Relative Breakwater Width (IT, = B/L) a —0.420
Wave Steepness (I1, = S;) a, 5.394
Relative Submergence (IT; = Ry,) as 1.145
Quadratic Relative Breakwater Width (H %) a, —0.004
Quadratic Wave Steepness (H %) as —32.163
Quadratic Relative Water depth (H §) ag —0.219
Width-Steepness Interaction (I1,11,) a; —2.574
Width-Depth Interaction (I1,113) ag 0.400
Steepness—Depth Interaction (IT,I13) ag —2.166
Intercept Constant a —0.516
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To prevent extrapolation errors, application of Equation (22) is restricted to the non-
dimensional parameter range evaluated during physical testing:

017 <2 <122
0.01<5; <0.06 (23)
0.67 < Ry, <167

Figure 11 compares the predicted (C;) and measured (Cy) transmission coefficients
for the regular wave conditions tested. The data points cluster along the 1:1 good agreement
line (y = x), showing that the predictions follow the measured values over the full tested
range of Cr (0.06-0.97). The scatter about the 1:1 line is moderate (RMSE = 0.13); the cubic
model presented in Section 7 reduces the RMSE to 0.09.

1.0 T T T T "—O-w
1 1 1 cl
1 1 q
08 [---- SR I T
= 1 1 .4 P
T 0.6 F-n-- A W KoL 5. Al
‘5 1 1 1 1
£ ’ 1 1 o o I
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O 02 FgP@-sA-——-—g-ot-———=—=m————g————=—
¢ o> ! |
0.0 () 10° 1 1 1
0 0.2 0.4 0.6 0.8 1
C; (Experimental)

Figure 11. Comparison between empirical non-linear model predictions and experimental measure-
ments of the wave transmission coefficient (C;) for the SBWC relative to the 1:1 ideal agreement line

(y =x).
Statistical performance metrics evaluated across the full experimental dataset confirm

moderate overall predictive accuracy (Table 5).

Table 5. Statistical performance metrics comparing experimental and empirical wave transmission
coefficients (Cy) for the SBWC.

Target Parameter MSE RMSE MAD MAPE R?
Cr 0.02 0.13 0.10 0.47 0.84

As shown in Table 5, the non-linear interaction model yields a coefficient of determina-
tion of (R? = 0.84) with residual errors (RMSE = 0.13, MAD = 0.10).

To confirm the performance of Equation (22) under specific water depth and steepness
conditions, Figure 12 compares experimental Cr (Exp), and empirical C; (Emp) plotted
against B/L.

The empirical curves in Figure 12 closely follow the measured decay of C in emerged
(Rg, = 0.67) and alternatively submerged (R, = 1.00) states, as well as the higher trans-
mission typical of deeply submerged runs (R, = 1.33 and 1.67). When quadratic and
interaction terms are added to Equation (22), it reproduces the general transition from full
wave obstruction to the overtopping of the crown and the passage of waves unhindered
over the submerged deck and provides a direct formula for preliminary hydraulic design.
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Figure 12. Comparison of experimental (Exp) and empirical (Emp) wave transmission coefficients
(Cy) for the SBWC) at different B/L, Ry, and S;.

6.2. Wave Reflection Coefficient (Cy)

Wave reflection governs the proportion of incident energy returned towards the wave
generator rather than transmitted past or dissipated by the structure. The magnitude of
reflection is mainly influenced by Ry,, S;, and the geometry of the curved seaward-facing
caisson. Under emerged conditions, the exposed seaward surface directly intercepts the
incoming wave and reflects a substantial portion of the incident energy back toward the
wave generator. As the structure becomes submerged, wave crests can pass over the cover
with less direct interaction with the seaward surface, resulting in lower Cy values. These
reflection characteristics are examined below using physical flume measurements, CFD
simulations, and empirical formulations.

6.2.1. Experimental Wave Reflection Coefficient

The reflective response of the SBWC determines the amount of incident wave en-
ergy returned seaward rather than transmitted or dissipated around the structure. The
incident (H;) and reflected (Hy) wave components were separated using the three-point
least-squares method of Mansard and Funke [46], and the reflection coefficient was cal-
culated as Cp = Hy/H,. Figure 13 presents the variation in Cy for different Ry, and wave
steepness ranges.

Under emerged conditions (R, = 0.67; Figure 13a), the SBWC behaves primarily as a
wave reflector, with Cy ranging from 0.41 to 0.91. The impermeable curved seaward caisson
and top cover form a continuous barrier that intercepts the incident waves and returns a
large part of their energy towards the wave generator. The highest reflection is observed for
low-steepness waves (S; < 0.02), for which Cy reaches approximately 0.61-0.91. At these
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lower steepness values, less energy is lost through wave breaking before the incident wave
reaches the structure, allowing a larger portion of the wave energy to be reflected.

1.0 T=0.8-25s
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Figure 13. Experimental wave reflection coefficient (Cy) against relative breakwater width (B/L)
at relative submergence ratios (Ry,) of: (a) emerged (Ry = 0.67); (b) alternatively submerged
(Ry = 1.00); (c) submerged (Ry, = 1.33); and (d) deeply submerged (R, = 1.67).

When the water surface is approximately level with the caisson crown (Ry, = 1.00;
Figure 13b), the overall reflection decreases, with Cy ranging from 0.16 to 0.72. The decrease
in Cy, is particularly pronounced as B/L increases to approximately 0.5, after which the
reflection coefficient approaches a relatively low range of about 0.16-0.25. At lower B/L
values (B/L < 0.4), the longer waves interact more strongly with the caisson profile, resulting
in greater reflection. As B/L increases, shorter waves interact more directly with the cover
and are more readily dissipated through breaking and turbulent flow, reducing the amount
of energy returned seaward.

For the submerged (Ry = 1.33) and deeply submerged (R = 1.67) conditions
(Figure 13¢,d), reflection is considerably lower, with Cy ranging from 0.03 to 0.55. Val-
ues of Cy greater than 0.30 occur mainly for longer waves (B/L < 0.3). At higher B/L values,
Cr generally falls below 0.20. The reduction in reflection is consistent with the rapid decay
of wave-induced orbital motion with depth, which weakens the interaction between shorter
waves and the submerged portion of the SBWC. Most of the incident motion therefore
passes over the submerged structure with little reflection.

Wave steepness (S;) also affects the reflection response, although its influence is less
pronounced than those of R, and B/L. Under emerged conditions, the lower-steepness
waves generally produce higher Cy values because a larger proportion of the incident
energy reaches the seaward face without being dissipated by breaking. As wave steepness
increases, wave breaking and turbulent dissipation become more pronounced around the
SBWC, reducing the energy available for reflection. This effect becomes less evident under
submerged conditions, where the wave-induced orbital motion is already strongly reduced
with depth and the influence of wave steepness on Cy, is comparatively limited.

6.2.2. Computational Wave Reflection Coefficient

The numerical setup for wave reflection was validated by comparing FLOW-3D sim-
ulations with physical flume measurements across all regular wave test cases. Figure 14
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compares experimental (Exp) and computational (Comp) Cy against B/L for different Ry,
and wave steepness ranges.
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Figure 14. Comparison of experimental (Exp) and computational (Comp) wave Reflection coefficients
(Cg) for the SBWC at different B/L, Ry, and S;.

To quantitatively evaluate the statistical agreement between the CFD model and physi-
cal observations, residual error metrics were calculated for each operational scenario. Table 6
details the resulting performance parameters, MSE, RMSE, MAD, MAPE, and R2.

Table 6. Comparisons of measured and predicted wave reflection coefficient (Cr) against Ry, and S;
in the form of statistical performance indicators.

Relative Wave Mean Root Mean Mean

P 'llja;%e: . Submergence Ratio  Steepness Range Squared Square Absolute IEVI :’ar:lf‘ bS(;El;l:er 2
aramete (Ra) (Sy) Error Error Deviation ercentage Erro
S, <0.02 0.00 0.06 0.04 0.06 0.96
Emerged
SBWC 0.02 <5, <0.04 0.00 0.05 0.04 0.06 0.97
(Ry = 067) 0.04 < S, < 0.06 0.00 0.07 0.06 0.1 0.91
Alternatively S, <0.02 0.00 0.07 0.05 0.08 0.94
submerged SBWC 0.02< 5, <0.04 0.01 0.12 0.08 0.20 0.84
Reflection (R =1.00) 0.04 < S, < 0.06 0.01 0.12 0.10 0.27 0.75
Coefficient

(C) S, <0.02 0.01 0.08 0.07 0.47 0.95
Submerged SBWC 5 55 6 "< 0.04 0.01 0.07 0.06 0.54 0.96

(Rdh = 1.33)
0.04 < S, <0.06 0.00 0.06 0.05 0.39 0.95
S, <0.02 0.02 0.12 0.11 0.95 0.79
Submerged SBWC 55 5 < 0.04 0.01 0.08 0.08 0.67 0.92

(Rdh = 1.67)
0.04 < S, <0.06 0.01 0.09 0.08 0.89 0.89
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The CFD model is able to predict wave reflection well in the emerged regime
(Rgy = 0.67), with R? values ranging from 0.91 to 0.97, as presented in Table 6. The er-
ror metrics (MSE = 0.00, RMSE = 0.00-0.07, MAD = 0.04-0.06) are low, indicating that
the VOF free-surface tracking scheme is able to resolve the phase interactions between the
incident wave crests and the standing wave pattern formed upstream of the caisson.

For submerged configurations (R, = 1.33 and 1.67), Table 6 demonstrates strong
predictive agreement (0.79 < R? < 0.96). The numerical model is able to capture the
decrease in reflection at higher B/L ratios and the persistent reflectivity at longer waves
(B/L <0.3).

Minor reductions in correlation are observed under partial submergence (R, = 1.00)
at high wave steepness (0.04 < H,;/L < 0.06, R> = 0.75) and under deep submergence
(R4, = 1.67) at low steepness (H,/L < 0.02, R? = 0.79). These differences may be associated
with localized wave breaking and free-surface turbulence. At these relative depths, the
wave crests begin to partially plunge, with localized jetting occurring over the front of the
cover deck. Small changes in free-surface elevation at this edge can affect the partitioning
of energy between reflected and overtopping waves. The numerical treatment may smooth
localized air-entrainment dynamics, resulting in slight scatter in the predicted reflection
coefficients. Nevertheless, the residual errors remain small (RMSE < 0.12 and MAD < 0.11
across all test states), indicating that FLOW-3D captures the main wave reflection dynamics
of the SBWC across the tested conditions.

6.2.3. Empirical Wave Reflection Coefficient

To enable rapid prediction of wave reflection from the SBWC without requiring time-
consuming numerical simulations, a non-linear empirical relationship was formulated. The
Cr is modeled as a function of the three primary non-dimensional parameters governing

the system: ([ [, = B/L), (I, =S1),and (] [; = Ry):

Cr :f[%,sl,Rdh] (24)

CR =f[§,51,Rdh] :f[nl, nzl HS] (25)

Because linear models fail to capture the non-linear reflection decay caused by over-
topping and relative submergence, a second-order polynomial equation incorporating
interaction terms was adopted:

Cr = a1 + a,0Ty + a3l + a,I T2 + asI 15 + a 113 + a, 1L I, + agl [ IT; + agTLIT; + a5, (26)

where a; through a4 are the partial regression coefficients and a4, is the intercept constant.
Multivariable non-linear regression analysis was performed in IBM SPSS to cali-
brate Equation (26). Table 7 details the resulting empirical parameters and calibrated
regression coefficients.
To prevent extrapolation errors, the application of Equation (26) is strictly constrained
to the experimental parameter boundaries:

017 <2 <122
0.01<S; <0.06 (27)
0.67 < Ry, < 1.67
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Table 7. Empirical model parameters and regression coefficients for the wave reflection coefficient
(Cr) prediction model.

Model Term Regression Coefficient Calibrated Value

Relative Breakwater Width (II, = B/L) a; —0.524

Wave Steepness (I, = S;) a, —12.105
Relative Submergence (IT, = Ry,) as —1.446
Quadratic Relative Breakwater Width (H %) ay 0.458
Quadratic Wave Steepness (H %) as 45.091
Quadratic Relative Submergence (H %) ag 0.352
Width-Steepness Interaction (I1,11,) a, 0.883
Width-Depth Interaction (I1,11;) ag —-0.214
Steepness—Depth Interaction (IT,I13) ag 5.082
Intercept Constant ay 1.892

Figure 15 evaluates the correlation between predicted reflection coefficients (Cy (Pre-
dicted)) and measured flume values (Cy (Experimental)) across all regular wave runs.
The data points cluster along the 1:1 good agreement line (y = x), demonstrating good
agreement between predicted and measured values across both low-reflection submerged
conditions and high-reflection emerged conditions (0.03 < C; < 0.91). The scatter about
the 1:1 line is moderate (RMSE = 0.10), and the cubic model in Section 7 reduces it to
RMSE = 0.08.

1.0

0.8

0.6

0.4

Cr (Predicted)

0.2

0.0

Cr (Experimental)

Figure 15. Comparison between empirical non-linear model predictions and experimental measure-
ments of the wave reflection coefficient (Cy) for the SBWC relative to the 1:1 ideal agreement line

(y =x).

The statistical performance metrics calculated for the entire experimental dataset
support the performance of the empirical reflection model (Table 8).

Table 8. Statistical performance indicators for measured and empirical wave reflection coefficients
(Cg) of the SBWC.

Target Parameter MSE RMSE MAD MAPE R?
Cr 0.01 0.10 0.08 0.38 0.84

The non-linear interaction model shows moderate predictive performance, with
R? = 0.84 and residual errors (MSE = 0.01, RMSE = 0.10, and MAD = 0.08), as presented in
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Table 8. Figure 16 compares the measured flume data (Exp) and empirical model predictions
(Emp) against relative breakwater width (B/L) for the individual relative submergence
ratios and ranges of wave steepness.
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Figure 16. Comparison of experimental (Exp) and empirical (Emp) wave reflection coefficients (Cy)
for the SBWC at different B/L, Ry, and S;.

Figure 16 shows that the empirical predictions adequately capture the high reflection
values in the emerged condition (R, = 0.67) and the decrease in reflection towards a plateau
under crown-level submergence (R, = 1.00). The second-order interaction terms account
for phase and amplitude changes caused by the solid caisson face and cover deck, and
Equation (26) gives a rough approximation for preliminary hydraulic design.

6.3. Wave Energy Loss Coefficient (Cy )

Wave energy dissipation reflects the ability of the SBWC to convert incident wave
energy into turbulent motion and viscous losses. In addition to the energy reflected seaward
or transmitted to the leeward side, part of the incident energy is dissipated through wave
breaking over the top cover, boundary-layer effects along the structural surfaces, and vortex
formation around the caisson edges. The relative contribution of these processes changes
with relative submergence as the interaction between the incoming waves and the SBWC
changes from emerged to submerged conditions. The following subsections examine the
resulting energy loss using physical flume measurements, FLOW-3D turbulence simulations,
and empirical regression models.

6.3.1. Experimental Wave Energy Loss Coefficient

The energy dissipation efficiency of the SBWC is the proportion of the incident wave
energy that is dissipated through turbulence and shear friction rather than transmitted
or reflected. The energy dissipation was assessed by the wave energy loss coefficient
Cp = y1—C% — C%, which is based on the conservation of wave energy flux. Figure 17
depicts experimental C; values for different R, and wave steepness ranges. The SBWC has
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moderate to high energy dissipation under emerged conditions (R, = 0.67; Figure 17a) with
C ranging from 0.40 to 0.85. When B/L is greater than 0.4 C; increases with B/L and reaches
its maximum value at shorter wavelengths. Here, dissipation is caused by wave breaking on
the rounded seaward slope, crest slamming and overtopping jets falling over the SBWC. The
higher the wave steepness (0.04 < S; < 0.06), the higher the dissipation (0.70 < C; < 0.85)
because of the non-linear wave breaking before impact. The maximum energy dissipation
efficiency is found for the submerged state at the crown level (R, = 1.00; Figure 17b), with
C; ranging from 0.61 to 0.93 throughout the wave spectrum. With the still-water level at
the crown of the caisson, the advancing wave crests interact directly with the cover, causing
strong shear and wave breaking over the SBWC. The turbulent eddies generated by the
continuous interaction between the overtopping water layer and the structure produce
the highest dissipation for all wave steepness ranges. For submerged (R, = 1.33) and
deeply submerged (R, = 1.67) conditions (Figure 17c,d), the energy dissipation is reduced,
ranging from 0.23-0.83 and 0.23-0.78, respectively. Within these regimes, C; reaches a
maximum value around B/L =~ 0.2-0.4 and then decreases with increasing B/L ratio. In the
case of longer waves (B/L < 0.4), the orbital velocity fields reach deep enough to involve the
caisson profile, causing flow separation to occur at the front and rear of the SBWC, followed
by vortex shedding. On the other hand, for shorter waves (B/L > 0.6), the orbital motions
are quickly reduced with depth and wave energy is able to pass over the submerged crown
deck without significant boundary shear or turbulent head loss.
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Figure 17. Experimental wave energy Loss coefficient (C; ) against relative breakwater width (B/L)
at relative submergence ratios (Ry,) of: (a) emerged (Ry, = 0.67); (b) alternatively submerged
(Ry, = 1.00); (c) submerged (Ry, = 1.33); and (d) deeply submerged (R, = 1.67).

6.3.2. Computational Wave Energy Loss Coefficient

The performance of the FLOW-3D computational model in predicting wave energy
dissipation was validated against physical wave flume measurements across all regular
wave states. Figure 18 compares experimental (Exp) and computational (Comp) C; against
B/L for different R, and wave steepness ranges.
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Figure 18. Comparison of experimental (Exp) and computational (Comp) wave energy loss coeffi-
cients (C; ) for the SBWC for different B/L, Ry, and S, .

The predictive accuracy of the numerical model for wave energy dissipation was
evaluated using five statistical indicators across all operational states (Table 9): (MSE,
RMSE, MAD, MAPE, and R?.

Table 9. Statistical performance indicators comparing measured and predicted wave Energy Loss
Coefficient (C;) across Ry, and S;.

Relative Wave Mean Root Mean Mean
Target . Mean Absolute »
P ter Submergence Ratio ~ Steepness Range Squared Square Absolute Percentage Error R
aramete (Ra) (Sy) Error Error Deviation ercentage Erro
S, <0.02 0.01 0.07 0.05 0.08 0.96
Emerged
SBWC 0.02 < S; <0.04 0.00 0.04 0.04 0.05 0.97
(Ry = 067) 0.04 < S, < 0.06 0.00 0.04 0.04 0.04 0.95
Alternatively S, <0.02 0.00 0.05 0.03 0.04 0.97
submerged SBWC 0.02 < S; <0.04 0.00 0.05 0.03 0.05 0.97
Energy Loss (R, =1.00) 0.04 < S, < 0.06 0.01 0.10 0.07 0.10 0.87
Coefficient
(C,) S, <0.02 0.00 0.07 0.05 0.11 0.96
Submerged SBWC 5 55 s "< 0.04 0.00 0.05 0.04 0.07 0.98
(Rdh = 1.33)
0.04 < S, <0.06 0.00 0.05 0.04 0.07 0.93
S, <0.02 0.01 0.10 0.07 0.17 0.93
Submerged SBWC 55 5 < 0.04 0.01 0.08 0.05 0.14 0.95
(Rdh = 1.67)
0.04 < S5, <0.06 0.00 0.04 0.03 0.07 0.98

The statistical indicators in Table 9 demonstrate strong numerical accuracy across
all submergence states (0.87 < R?> < 0.98). In the emerged regime (Ry, = 0.67), the
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model achieves high correlation (R?> = 0.95-0.97), with low error metrics (MSE < 0.01,
RMSE = 0.04-0.07, and MAD = 0.04-0.05). This confirms that coupling the Volume of
Fluid (VOF) free-surface algorithm with the standard k-¢ turbulence closure resolves key
dissipation mechanisms, including wave crest impact against the curved front wall and
turbulent jet plunging across the SBWC.

Similarly, for crown-level submerged (Ry = 1.00) and submerged configurations
(Rg, =1.33 and 1.67), the numerical model demonstrates strong agreement with ex-
perimental data, reaching peak correlation (R?> = 0.98) under high wave steepness
(0.04 < 5; <£0.06 at Ry, =1.67). Residual errors remain low across these submerged regimes
(0.04 < RMSE <0.10 and 0.03 < MAD < 0.07).

6.3.3. Empirical Wave Energy Dissipation Coefficient

To provide a rapid analytical tool for estimating wave energy dissipation without
relying on resource-intensive CFD simulations, a non-linear empirical model was developed
using multivariable regression. The wave energy loss coefficient (C;) is expressed as a
function of three dimensionless parameters: (Il; = B/L), (I, = S;), and (I3 = Ry,):

Cu =515 Ral 28)

Cu=1| /51 Rar| =TT, TT, TL (29)

First-order linear regression was not sufficient to describe the non-linear varia-
tion in wave energy loss caused by wave breaking and turbulent shear over the SBWC.
A second-order polynomial model incorporating cross-interaction terms was therefore
adopted to resolve the joint influence of wavelength, wave steepness, and water depth on
energy dissipation:

Cp = a I, +a,I1, + asl1l; + a41—1% + a5H§ + a6H§ + a1 1,11, + agl T I1; + agITL,IT; + a4y (30)

where a; to ay are the partial regression coefficients, and 4, is the intercept constant.
Equation (30) was calibrated in IBM SPSS using multivariable non-linear regression tech-
niques. The resulting model parameters and calibrated regression coefficients are presented
in Table 10.

Table 10. Empirical model parameters and regression coefficients for the wave energy loss coefficient
(C;) prediction model.

Model Term Regression Coefficient Calibrated Value
Relative Breakwater Width (I1, = B/L) a; 0.400
Wave Steepness (I, = S;) a, 9.383
Relative Submergence (I1, = Ry;,) as 0.784
Quadratic Relative Breakwater Width (H %) a, —0.060
Quadratic Wave Steepness (H %) as —53.903
Quadratic Relative Submergence (H %) g —0.373
Width-Steepness Interaction (I1,11,) a, —0.276
Width-Depth Interaction (I1,11;) ag —0.289
Steepness—Depth Interaction (I1,I13) dg —1.514
Intercept Constant a 0.088
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The application of Equation (30) is limited to the non-dimensional parameter space
used in the physical tests to avoid extrapolation errors.

017 <2 <122
0.01 < 5; <0.06 (31)
0.67 < Ry, < 1.67

Figure 19 compares the predicted wave energy loss coefficients (C ;) against the
measured flume values (C .,,) across all regular wave conditions tested. Relative to the 1:1
line (y = x), the predictions are compressed towards the mean of the measured values over
the range (0.23 < C; < 0.93). Low dissipation values are over-estimated (C; < 0.40) and
the highest values are under-estimated, consistent with the low R? of the energy-loss model
(Table 11). The cubic model in Section 7 reduces this bias only partly.

1.0

0.8

0.6

0.4

C; (Predicted)

0.2

0.0

C; (Experimental)

Figure 19. Comparison between empirical non-linear model predictions and experimental measurements
of the wave energy loss coefficient (C; ) for the SBWC relative to the 1:1 ideal agreement line (y = x).

Table 11. Statistical performance metrics comparing experimental and empirical energy loss coeffi-
cients (C;) for the SBWC.

Target Parameter MSE RMSE MAD MAPE R?
Cr 0.01 0.12 0.10 0.18 0.52

Statistical performance metrics were evaluated across the complete regular wave dataset
to verify model accuracy. Table 11 summarizes the resulting error parameters.

As presented in Table 11, the empirical interaction model achieves only a weak-to-
moderate correlation (R?> = 0.52) with residual errors (MSE = 0.01, RMSE = 0.12, and
MAD = 0.10). The RMSE of 0.12 is large compared with the spread of the measured C;
(standard deviation 0.17), and the model compresses the predictions toward the mean.

To assess the robustness of Equation (30) across individual operational regimes,
Figure 20 provides a panel-by-panel comparison of experimental measurements (Exp)
and empirical predictions (Emp) plotted against relative breakwater width (B/L).

As shown in Figure 20, the empirical curves capture the elevated dissipation plateau at
crown-level submergence (R, = 1.00), as well as the decrease in dissipation observed under
deeper submergence (R, = 1.33 and 1.67). By incorporating the quadratic and interaction
terms, Equation (30) accounts for the non-linear variation in wave energy loss and can
be applied only as a rough preliminary estimate in the hydraulic design of top-covered
semicircular breakwaters.
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Figure 20. Comparison of experimental (Exp) and empirical (Emp) wave energy loss coefficients
(C;) for the SBWC for different B/L, Ry, and S;.

6.4. Effect of the Top Cover

To isolate the contribution of the top cover, measurements from the semicircular
breakwater with cover (SBWC) were compared with the uncovered structure (SBW) [5]
tested in the same flume at 1:2.5 scale. Both models used identical caisson dimensions
(B=1.20m, h = 0.60 m, length 0.80 m) across matching wave steepnesses (S; = 0.02, 0.04,
0.06), relative widths (B/L), and relative submergences (Ry,), where R, references the
same 0.60 m caisson height and the SBWC differs solely by its 0.04 m cover deck. Figure 21
compares Cr, Cg, and C; of both configurations against B/L for each d/h.

The comparison indicates that the top cover suppresses wave transmission primarily
at crown-level submergence (R, = 1.00). At this water level, mean C; decreases from 0.60
to 0.30, mean Cy increases from 0.22 to 0.48, and mean C; increases from 0.72 to 0.80. At
greater submergence depths (Ry = 1.33 and 1.67), the cover reduces mean Cy by only 0.06
and 0.04, respectively, leaving Cy virtually unchanged while increasing C; by 0.11 and 0.06.
Under emerged conditions (R, = 0.67), the SBWC transmits slightly more wave energy
than the uncovered SBW (mean C of 0.13 versus 0.08), with lower C (0.71 vs. 0.82) and
higher C; (0.66 vs. 0.54). Consequently, the performance benefit of the top cover deck in
reducing wave transmission is largely confined to crown-level submergence.

Part of the difference at d/h = 1.00 is associated with freeboard rather than with the
cover alone. At d = 0.60 m the crest of the uncovered SBW is exactly at the still-water level,
whereas the cover deck of the SBWC remains 0.04 m above it (Section 3.2), so a smaller
volume of water overtops the SBWC. The comparison therefore describes the combined
effect of closing the crest and raising it by the thickness of the cover, which is the practical
effect of adding a cover to an existing caisson. At the other depths the 0.04 m difference is
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small compared with the freeboard or submergence (0.16-0.36 m), and the differences are
attributed mainly to the change in crest geometry.
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Figure 21. Comparison of transmission (Cy), reflection (Cy), and loss (C; ) coefficients between the
SBWC and the uncovered SBW [5] as a function of relative width (B/L) across different relative
submergences (Ry,).

7. Empirical Models for C, C; and C;: Polynomial Order and
Cubic Equations

To justify the form of the regression equations, polynomial models of increasing order
(linear, two-factor interaction (2FI), quadratic, cubic and quartic) in B/L, S; and Ry, were
compared for all runs using sequential F-tests, adjusted R? and predicted R?. Predicted R? is
based on the leave-one-out prediction error sum of squares (PRESS) and measures accuracy
for runs not used in the fit. The results are given in Table 12. The second order (quadratic)
model of Equations (22), (26) and (30) captures the main trends but leaves a substantial
part of the variance unexplained, with predicted R? of 0.82 (Cy), 0.83 (Cg) and 0.46 (C,).
Adding the cubic terms is highly significant for all three coefficients (p < 0.0001) and raises
the predicted R? to 0.89, 0.86 and 0.51. The quartic model is aliased, so the cubic model is
the highest-order significant model that can be fitted. The cubic polynomials are therefore
recommended for C; and Cy; the quadratic equations are kept as a simpler baseline.

C= ag + ﬂlnl + 112H2 + a3H3 + ﬂ4H1H2 + 115H1H3 + a6H2H3 + a7H%+
agIT5 + agl T3 + ay I, IT,115 + ayy IT3IT, + a1 115 + ayI 1,115 + aq TSI T+ (32)
ays LI TT5 + aye I I3 + agI T3 + aggl T3 + ayl13
where C is Cy, Cy or C;, II; = B/L, II, = S; and II; = Ry,. The least-squares coeffi-
cients are given in Table 13. For all runs the cubic equations give R*> = 0.91, 0.89 and

0.63, RMSE = 0.093, 0.080 and 0.106, and MAPE = 0.31, 0.25 and 0.16 for C;, Cg and C;
(Figure 22). C; is the least predictable coefficient: it is obtained as the remainder of the

energy balance, C; = /1 — C3 — C%, and carries the scatter of both Cr and Cg, so its equa-
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tion is indicative and suitable for preliminary estimates only. The cubic equations, like the
second-order equations, are empirical and must be applied only within the tested ranges:
Ry, =0.67-1.67, B/L = 0.17-1.22 and S; = 0.02-0.06.

Table 12. Comparison of polynomial models of increasing order for Cr, Cg and C;: adjusted R* and
predicted R? (leave-one-out PRESS).

Model C;adj. R? Crpred. R? Cr adj. R? Cg pred. R? C, adj. R? C; pred. R?
Linear 0.808 0.802 0.754 0.748 0.420 0.404
2F1L 0.827 0.817 0.792 0.783 0.443 0.419
Quadratic (Equations (22), (26) 0.831 0.816 0.836 0.826 0.497 0.463
and (30))
Cubic 0.904 0.887 0.879 0.863 0.585 0.509
Quartic aliased - aliased - aliased -
Table 13. Least-squares coefficients of the cubic model for Cr, Cy and C;.
Coefficient Cr Cr C;
ag 3.17425 —0.356284 —3.19541
a, 0.235828 —1.04428 1.58507
a, 18.3065 —24.2732 31.6863
a —10.2021 5.69051 9.03353
ay, -9.3821 10.6011 —14.3422
as —0.703654 —-1.17512 —0.479623
ag 7.19134 11.3448 —30.8611
a, —0.166027 2.08304 —1.25885
ag —476.199 193.287 —158.566
g 10.1106 —5.96966 —7.34265
ay 8.95965 —3.12105 —3.17438
ap —3.80382 0.049274 5.59375
ap —0.630604 0.417421 0.599934
a3 20.1396 —84.5438 151.946
ayy 129.437 —56.1149 95.4852
a5 0.705517 0.223722 —0.225692
Ay —9.78459 —0.153419 10.6311
ayy 0.50297 —1.04219 0.130854
g 2638.76 —213.791 —886.386
aq9 —2.94159 1.7671 1.91384
L0 1 o v P
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Figure 22. Predictions of the cubic equations versus measured: (a) Transmission coefficient (Cy),
(b) Reflection coefficient (C), and (c) Energy loss coefficient (C; ).

8. Conclusions

This study provides a comprehensive experimental and numerical investigation into
the hydrodynamic performance of a Semicircular Breakwater with Cover (SBWC) sub-
jected to regular waves. Physical flume experiments and FLOW-3D numerical simulations
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were conducted across four relative submergence ratios (Ry, = 0.67, 1.00, 1.33, and 1.67),
three wave steepness ranges (0.02 < S; < 0.06), and a wide range of relative breakwater
widths (0.17 < B/L < 1.22). The relative submergence ratio was found to be the dominant
parameter. Under emerged conditions (R, = 0.67), the structure acts primarily as a reflec-
tor, limiting wave transmission to Cr = 0.07-0.37 while generating reflection coefficients
between Cy = 0.41 and 0.91. Conversely, deeper submergence (R, = 1.67) allows higher
transmission (0.59 < Cr < 0.97), particularly under shorter waves (B/L > 0.6) whose orbital
motion decays rapidly with depth. Peak wave energy dissipation occurs under crown-level
submergence (R, = 1.00), where the energy loss coefficient reaches C; = 0.93 due to wave
breaking, jet deflection, and intense shear turbulence across the top deck. Direct compar-
isons with an uncovered semicircular breakwater in the same facility confirm that adding
the top cover markedly reduces wave transmission at d/h = 1.00—lowering mean Cr from
0.60 to 0.30 and raising mean C; from 0.72 to 0.80—an effect partly driven by the 0.04 m
freeboard provided by the cover deck. Under submerged states, the cover yields a mod-
est transmission reduction of 0.04-0.06, whereas under emerged conditions, transmission
remains slightly higher than for the uncovered caisson.

The numerical framework incorporating Volume of Fluid (VOF) free-surface tracking
and standard k—¢ turbulence closure demonstrated close agreement with physical mea-
surements, achieving strong correlations under submerged conditions (R? ~ 0.97-0.98
for Cr) and maintaining low residual errors (RMSE < 0.13) across overtopping regimes
(R? =~ 0.75-0.76). Calibrated second-order polynomial interaction models incorporating
IT, =B/L, II, = S;, and I1; = Ry, demonstrated moderate predictive capability (R =
0.84 for Cr, 0.84 for Cy, and 0.52 for C;). Cubic models provided higher accuracy, raising
leave-one-out cross-validation R? values to 0.89 (Cy), 0.86 (Cg), and 0.51 (C;). Because C;
shows the greatest scatter, its equation should be regarded as indicative only. The proposed
formulations apply strictly within the investigated operational envelope (Ry,, B/L, S¢), the
single tested caisson geometry, and regular wave action. Similarly, the computational fluid
dynamics model was validated exclusively under subcritical, non-breaking regular wave
conditions (Fr,, =~ 0.03-0.22). Future research should explore dynamic pressure distribu-
tions and wave loadings acting across the cover deck, evaluate sliding and overturning
stability under extreme sea states, extend the framework to random and breaking waves,
analyze turbulence closure sensitivity at prototype scales, and examine Froude scaling
behavior for coastal restoration and shoreline protection applications.
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Abbreviations and Nomenclature

The following abbreviations and nomenclature are used in this manuscript:

Partial regression coefficients and intercept in quadratic model; a,—1,4 are the

#1709, fo coefficients of the cubic model

A; Measured experimental observation value

AL A, Fractional open area to flow in x- and z-directions

A Arithmetic mean of experimental observations

b, b, Hydraulic head loss/drag accelerations in x- and z-directions (m/s?)
B Breakwater width (m)

B/L Relative breakwater width

Bo Bu, s B Intercept and partial regression coefficients in MLR model (By—B; in
0/ P17 P27 73 Equation (18))

CFL Courant-Friedrichs-Lewy stability criterion

CFD Computational Fluid Dynamics

CL Energy dissipation/loss coefficient

C,.,Cie, Gy, G5, Standard closure coefficients of ke model (0.09, 1.44,1.92, 1.0)
Cg Wave reflection coefficient

Cr Wave transmission coefficient

d Water depth (m)

d/L Relative water depth

At Dynamic computational time step (s)

JAY S Minimum and maximum time-step bounds, At,,;, and At,,,, (s)
Ax, Az Cell dimensions/spatial grid resolution in x- and z-directions (m)
AXppins DZppin Minimum local spatial cell size (m)

€ Turbulence dissipation rate (CFD)/Residual error (Regression) (m?/s?, -)

fur [ Viscous accelerations in x- and z-directions (m/s?)

F Scalar fluid fraction function (0 < F <1)

FLOW-3D Commercial CFD software package

Fr Froude number

Fr Wave Froude number based on the orbital velocity amplitude at the still-water

@ level

Fsor Volume source term (s™!)

g Gravitational acceleration (m/s?)

Gy, Py Buoyancy and shear production rates of turbulent kinetic energy (m?/s%)

Gx, Gz Body accelerations in x- and z-directions (m/s?)

n Height of the caisson body excluding the cover, 0.60 m; i, = 0.64 m is the overall
height including the cover

H,, Hg, Hy Incident, reflected, and transmitted wave heights (m)

k Turbulent kinetic energy (m?/s?); in kd, k = 27t/L is the wave number

k—e Standard two-equation turbulence model

kd Dimensionless wave number

L Wavelength (m)

M, Numerical or empirical predicted value in condition i

MAD Mean Absolute Deviation

MAPE Mean Absolute Percentage Error

MSE Mean Square Error

n Total number of test conditions

Vg Fluid diffusion coefficient (m?/s)

v, Turbulent eddy viscosity (m?/s)

P Dynamic pressure (Pa)

R? Coefficient of determination

RANS Reynolds-Averaged Navier-Stokes

R, Freeboard of the cover deck (m)

Ry, Relative submergence ratio, d/h

0 Fluid density

RMSE Root Mean Square Error

Rsor Mass source input term (kg/m?®. s)

S, Wave steepness, H; /L

SBWC Semicircular Breakwater with Cover
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04, 0 Turbulent Prandtl numbers for k and ¢

t Time variable/simulation period (s)

T Wave period (s)

U, w Fluid velocity components in horizontal (x) and vertical (z) directions (m/s)
VF Open volume fraction available for flow

VOF Volume of Fluid

WP1-WP6 Wave probes 1 to 6

X,z Cartesian spatial coordinates (m)

X1p, X13 Wave probe spacing distances (m)

IT,, I1,, I, Non-dimensional predictors B/L, S; and R, in the regression models
Xr1 Lead wave probe offset distance (m)

Y Dependent hydraulic performance coefficient
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