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INTRODUCTION ed from massive rock or concrete units require
Rapid advances in marine science and the in-  extensive natural resources and impose high
creasing population density of coastal areas have  construction costs. Consequently, sustainable ap-
intensified the need for effective coastal-protec-  proaches such as permeable breakwaters and the
tion solutions. Coastal regions along the Persian  use of recycled materials have gained increasing
Gulf are particularly vulnerable to wave-induced  attention (Kenny & Rozovsky, 2023; Moradi &
erosion, sediment movement and shoreline  Shahnoori, 2021). The geographical setting of the
degradation. Traditional breakwaters construct-  study is shown in Figure 1. (Fig. 1)

(a) Iran and adjacent seas (b) Southern coastal provinces of Iran
40

?

Caspian Sea

N
*1 1 (c) Persian Gulf and Gulf of Oman

Study coa)
(southern

Latitude (°N)
w
¥
Latitude (°N)
N
Latitude (°N)

Strall
25 4 HOMMUZ 1f of Omlan

2, \
ers/eﬁc = T T T T T
/a0
48 50 52 54 56 58 60
Oman Longitude (°E)

Oman|

24 o — —
0400 km 0 300 km
T T T T T T T T T T T T T T T
450 475 500 525 550 575 600 625 46 48 50 52 54 56 58 60 62 64
Longitude (°E) Longitude (°E)

Figure 1: Study area: (a) Iran and its adjacent seas; (b) the southern coastal provinces of Iran; (c) the Persian Gulf and Gulf of
Oman (base data: Natural Earth; authors’ elaboration).

One of the primary challenges in coastal de-  sediment-transport patterns, permeable break-
velopment is selecting an appropriate method  waters do not cause downstream erosion within
to protect coastal areas, ports and marine wa-  the port area nor lead to sediment accumulation
terways with minimal cost and minimal adverse ~ upstream. Their additional advantages include
impact on adjacent areas and coastlines. Water  allowing fish passage, enabling natural sediment
circulation near the shore is critically important ~ movement through the structure, suitability for
for maintaining ecosystem health in ports and  relatively deep water, applicability where work-
waterways: facilitating natural water exchange ing space is limited, and reduced construction
between the sea and the harbour can reduce costs in deep water. Perforated breakwaters are
pollution and its detrimental effects. Various constructed from recycled materials primarily
structures exist for coastal protection artificial ~ because they consume a significantly lower vol-
beaches, breakwaters, seawalls, groynes and off-  ume of raw material and their design is simple
shore breakwaters among which breakwatersare  and clear; they can be produced in various dimen-
the most important and widely used. To prevent  sions to suit the specific characteristics of each
water stagnation within ports, porous, perforat-  region (Yoon et al., 2018; Corbau et al., 2023). The
ed and slotted breakwaters without closed end  use of recycled materials in breakwater construc-
walls (for example, spaced piles, slotted walls  tion is an innovative and sustainable approach
or submerged plates) can be arranged in single  that can yield significant environmental and
or multiple rows, causing minimal disruption to  economic benefits. A key advantage is the rapid
the natural sediment-transport cycle (Huang et  speed of construction and installation. By shifting
al., 2011; Elsheikh et al., 2022). Unlike conven-  towards this type of breakwater, quarries can be
tional impermeable breakwaters, which alter  conserved and preserved for future generations;
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the utilisation of quarries should be carried out
with careful planning and resource efficiency,
and these breakwaters contribute significantly to
that goal (Moradi & Shahnoori, 2021). This paper
investigates the performance of permeable per-
forated breakwaters a new generation of break-
waters constructed from recycled materials. The
structure is composed of a cubic box whose in-
ternal fill also consists of recycled materials, such
as bottles. Two arrangement configurations are
evaluated: single-row and double-row layouts
with spacing. To enhance performance, regular
holes are incorporated on both the front and rear
faces; their function is to dissipate wave energy,
with their number and diameter depending on
environmental, hydraulic and structural vari-
ables. The weight of the structure relative to its
volume is very low, and the amount of material
used is minimal. The breakwater is categorised
into submerged and non-submerged types, both
examined here, and is anchored to the seabed
using steel ballast or other methods (Zhao et al.,
2019).

Many physical systems can be constructed
and tested at small scale before being deployed
in their actual environment; this is the best avail-
able approach, both economically and techni-
cally, for designing floating, submerged and im-
mersed marine structures. A crucial requirement
is adherence to the governing laws of modelling.
In this context, the Froude number is primarily
used for problems related to sea waves and the
hydraulic similarity of floating bodies, while the
Reynolds number is employed for problems con-
cerning fluid flow. Although Reynolds similarity
is also valid for floating bodies, it is not used in
modelling such structures because it is impos-
sible to build a model that operates at a speed
significantly higher than the prototype (Asadian
Ghahfakhari, 2006). Nowadays, numerical and
laboratory simulations play a crucial role in
predicting the forces acting on floating or fixed
structures before their construction (Soltani &
Aghtoman, 2004).

Against this background, the objective of
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this study is to analyse, through systematic
physical-model experiments, the hydrodynamic
behaviour of perforated breakwaters made from
recycled materials under regular waves, and to
determine how the arrangement, perforation
percentage and perforation diameter govern
wave run-up, transmission, reflection, uplift and
stability thereby identifying the configuration
that offers the best balance between wave at-
tenuation and structural stability. The remainder
of the paper reviews related studies, details the
theoretical background and experimental meth-
odology, presents and discusses the results, and
finally draws conclusions.

MATERIALS AND METHODS

Floating and permeable breakwaters have been
studied extensively. McCartney investigated the
advantages and disadvantages of floating break-
waters of various configurations (McCartney,
1985). Kee conducted studies on the influence of
porous members on wave-structure interaction
and on the performance of double porous float-
ing breakwaters using a multi-domain bound-
ary-element method, concluding that optimal
performance occurs at high wave frequencies
(Kee, 2005). Koutandos and colleagues per-
formed laboratory studies on box-type floating
breakwaters under regular and irregular waves,
examining the effect of incident-wave character-
istics and geometric parameters such as width
and draft (Koutandos et al., 2004). Dong and col-
leagues tested single, double and grillage-deck
breakwaters under regular waves with and with-
out current, identifying the grillage-deck type as
suitable owing to its simplicity and cost-effec-
tiveness (Dong et al., 2008).

Ozeren investigated wave transmission,
reflection and breaking coefficients for tubular
floating breakwaters with various mooring sys-
tems and found that pile moorings result in less
wave transmission (Ozeren, 2009). Pefia and col-
leagues reported laboratory results for floating
breakwaters of four geometries, including a 1:15
physical prototype of the Port of Bayona break-
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water and catamaran-shaped (m-shaped) forms
(Pefia et al., 2011). Teh and colleagues studied
surface-piercing semi-cylindrical breakwaters of
varying porosity under irregular waves (Teh et
al., 2012). Mahmuddin and Kashiwagi combined
a genetic algorithm with the boundary-element
method to design optimised, high-efficiency
floating breakwaters across a wide frequency
range (Mahmuddin & Kashiwagi, 2014), and, in
Iran, Taheri, Kolahdoozan and colleagues used
physical modelling to evaluate stepped floating
breakwaters and compare them with a mi-shaped
form of equal width and draft (Taheri et al., 2014).
Dhinakaran investigated the hydrodynamic char-
acteristics of perforated, shoreward semi-circular
breakwaters under irregular waves, analysing
reflection, run-up, transmission, forces and pres-
sures (Dhinakaran et al., 2008).

More recent work has advanced both the un-
derstanding and the sustainability of permeable
breakwaters. Experimental and numerical stud-
ies have clarified wave transmission, reflection
and forces on perforated and slotted structures
(Xu et al., 2022; Yang et al., 2024; Liu et al., 2023;
Peng et al., 2023; Zhang et al., 2022), while com-
parative and formula-assessment studies have
refined transmission predictions for submerged,
slotted and low-crested breakwaters (Brancasi et
al., 2022; Hassanpour et al., 2023; Koraim, 2011).
Perforated caissons and breakwater-integrated
devices have been examined for wave-force mit-
igation and multifunctional use (Ko et al., 2024;
Lee et al.,, 2020; Zhao et al., 2019; Wang et al.,
2025), and the use of recycled and eco-friend-
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Figure 2: Path of water-particle motion in progressive waves
at different relative depths (Ippen, 1966)

ly materials in marine construction has been
increasingly documented (Kenny & Rozovsky,
2023; Corbau et al., 2023; Moradi & Shahnoori,
2021). The foundational theory of wave reflection
and transmission at permeable breakwaters re-
mains a common reference point (Sollitt & Cross,
1972). Collectively, these studies motivate the
present physical-model investigation of perforat-
ed breakwaters built from recycled materials.

Given the vast extent of Iran’s coastline more
than 2,700 km (657 km along the southern Caspi-
an Sea, 784 km along the Gulf of Oman and 1,259
km along the Persian Gulf)—the need for a cor-
rect and scientific design methodology for coast-
al-protection structures is evident. In this study,
physical models of perforated breakwaters with
various configurations (single-row, double-row,
double-sided, horizontal and vertical) were test-
ed in a wave flume, and the reflection coefficient,
run-up, transmission coefficient, uplift force and
overturning moment were measured. Light-
weight, durable recycled materials were used to
construct the models.

Wave theory and governing relations

Three relative-depth regimes are distinguished
on the basis of the ratio d/L: shallow water when
d/x < 1/20; intermediate water when 1/20 < d/i <
1/2; and deep water when d/A > 1/2 (Ministry of
Roads and Transportation, 2006). The trajectory
of water-particle motion in progressive waves at
different relative depths is illustrated in Figures 2
and 3. (Fig. 2 and 3)
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Figure 3: General schematic of the water-particle motion
path (Ippen, 1966)
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The period T and wave height H are the identify-
ing indices of surface water waves. In generating
waves with a wave-maker, two parameters must
be controlled: the speed of the piston or paddle,
and the spatial range of its forward and back-
ward stroke. In practice, wave generation is con-
strained by the limited speed of the paddle and
by the nature of waves, which leads to instability
and breaking (wave steepness in deep water and
relative height in shallow water) (Asadian Ghah-
fakhari, 2006). [ppen presented a clear illustration
of the water-particle trajectory: in deep water the
influence of the orbital circles extends to half the
wavelength, in shallow water the circle diameter
remains essentially unchanged to the seabed,
and in intermediate water the diameter near
the seabed is smaller than at the surface (Ippen,
1966). The dispersion relation and the derived
wavelength and celerity take limiting forms in
each regime. In shallow water:

o?=gktanh(kd)=gk2d (1)

L=(gT?/2n) tanh(2nd/L) — L=TV(gd) (2)
C2=(12/T?) kd = gk — C=V(gd) (3)
Thus, in shallow water the wavelength depends
on the wave period and the water depth, and the
propagation speed is determined solely by the
depth. In deep water, since kd is large, tanh(kd)
approaches unity:

o? =g ktanh(kd) = g k (4)
Lo=gT?2m, Co=gT/2n (5)
For wave breaking, Miche proposed a limiting
steepness valid at any depth (Miche, 1944):

(H/L) _max = (1/7) tanh(2nd/L) (6)
In deep water this reduces to (Ho/L») _max =
1/7, so the maximum wave height is limited to
one-seventh of the wavelength; in shallow water
it reduces to a depth-limited form, so that wave
height is limited by the water depth. Conse-
quently, the further a structure extends seaward,
the larger and more destructive the waves it must
withstand. A summary of linear wave theory and
wave characteristics is given in Table 1. (Tab. 1)

Table 1: Summary of linear wave theory and wave characteristics for shallow, intermediate and deep water

, Shallow Water Transitional Water Deep Water
Relative Depth
d i i, 4,14 d, i
& 25 25 i 2 i 2
1. Wave profile Same As > 2nx 2t H < Same As
n== 2 — cos @
L T 2
2. Wave celerity C=£= % _£_£ @ C=C=£—£
T Ved C_T_ZntanhL 0= ==
3. Wavelength L = Tygd = CT gT2 M L = _gTZ =C.T
2n L 0 2n 8
4. Group velocity Cg =dEh= \/g_d o e 1 e drd/L c @ = lC = &7
2 2 sinh (47d/L) L 4n
5. Water particle
velocity 5
Az
(a) Horizontal o T - Hegr cosh [27(z+d)/L] 0 _mH T
u = Spies 0 u S cosh (2nd/L) cos u= e cos 0
. 2nz
(b) Vertical s Hn z) . . g7 sinh [2n(z+d)/L] . 0 _ & (T :
w T 1+ y sin 0 w T SR /L) sin w=—e sin 0
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6. Water particle
accelerations
) H 3 grnH cosh [2n(z+d)/L] . 2 [&Z
(a) Horizontal a, = TJT \I% sin 0 a, = I W sin 6 a, =2H (%) e\l sinf
: 2 H sinh [2n(z+d)/L] 2 (2
7 5 _ _gnH sin r
(b) Vertical a, = -2H (?) (l _E) cos 0 z A cosh (Z?Id/L) cos 0 a, =—2H(?) et L cos 0
7. Water particle
displacements HT [g . £ = e A | sin 0 F
(a) Horizontal ': = _E E sin 0 2 sinh (27d/L) E=-—c¢ L sin®
H sinh [27(z+d)/L] 2nz
2 H =i =t e el
(b) Vertical L= [ (1 —%) cos 0 @= 2 sinh (27d/L) 0s &= g e\l cosd
8. Subsurface p = pg(n-2) i cosh [2m(z+d)/L] i [iﬂ K
pressure et cosh (2rd/L) pgz p=pgne pgz

Breakwater types and floating-body mechanics
Breakwaters are generally classified as sloped
(rubble-mound), vertical, composite and float-
ing types. A floating body remains buoyant at
the surface and is permitted to move within
a specific range; its design must satisfy both
performance and safety requirements (Coast-
al Structures Design Guideline, 2013). Mooring
systems comprising mooring lines, anchors,
winches, sinkers, buoys, rods, shackles and
fenders strongly influence the motions of a
floating body. Mooring methods include cate-
nary (slack), taut and dolphin-type bracing; in
taut bracing (e.g., the tension-leg platform) the
lines carry large initial tension so that motions
and footprint are minimised, at the cost of high
line forces (Fig. 4).

shock absorber

wig [
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Bracing Anchor Dolphin
i

B: Dolphin-Type Bracing

ST E—

A: Curved Brace

C: Taut Bracing

Figure 4: Representative bracing (mooring) techniques for a
floating body

When port facilities are built as floating struc-
tures, the design must account for wind drag,
current drag, wave excitation, wave drift,
wave-making resistance, restoring force and
mooring force (Coastal Structures Design Guide-
line, 2013). The forces on a floating breakwater
are commonly resolved into a hydrodynamic
force (from lateral and vertical wave pressures,
dependent on geometry, wave height and wind
speed) and a displacement force (from the
change in water mass as waves pass through
the structure). If the body is treated as rigid, its
motion has six degrees of freedom—surge, sway,
heave, roll, pitch and yaw (Fig. 5).

Heave

Surge

Pitch
Sway

Figure 5: Degrees of freedom of a floating body’s motion (af-
ter Coastal Structures Design Guideline, 2013)

The displacement of a breakwater under wave
forces is obtained by first computing the hydro-
static and hydrodynamic forces, then the acceler-
ation from Newton’s second law, and finally the
displacement from the equation of motion:
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a=F_total /m (14)
X=Xo+Vot+V2at2 (15)
FW=%.p.CM-A-a (16)

where a is acceleration, F_total the total force,
m the mass, x the displacement, vo the initial
velocity, F_ W the wave force (Morison’s equation
for submerged bodies), p the water density, C_M
the added-mass coefficient, and A the wave-im-
pact area. For stability, Van der Meer classified
rubble-mound structures using the stability pa-
rameter H/(AD), where A = (p_r/p_w - 1) is the
relative buoyant density and D the characteristic
dimension (Van der Meer, 1992). Structures with
H/(AD) < 1 (e.g., caissons, seawalls) permit no
damage; 1-4 corresponds to stable breakwaters;
3-6 to flexible berm/S-shaped breakwaters;

Breakwaters

6-20 to gravel slopes; 15-500 to sandy beaches;
and > 500 to silty beaches.

Perforated breakwaters from recycled materials

To enhance performance, regular perforations
are incorporated on the front and rear faces of
the recycled units (bottles); their function is to
dissipate wave energy, with number and diam-
eter depending on environmental, hydraulic and
structural variables. The structure is very light
relative to its volume, uses minimal material,
and may be submerged or non-submerged; it is
anchored to the seabed with steel ballast or other
means. A schematic of the recycled-material
(bottle) arrangement is shown in Figure 6. (Fig. 6)
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Figure 6: Schematic of the recycled-material (bottle) arrangement of the perforated breakwater (after Yoon et al., 2018).

The principal advantages of this structure include
reduced wave reflection and partial energy dis-
sipation as waves pass through the perforations;
easier and more cost-effective installation than
fixed breakwaters; the generation of vortices and
turbulence behind the structure that further re-
duce wave energy; prefabrication with no in-situ
concrete casting; the possibility of re-floating
and relocation; a more pleasing appearance; and
simpler maintenance. Its efficiency decreases as
the ratio of wavelength to structure length in-
creases, so wave attenuation is less effective for
longer wavelengths (Yoon et al., 2018; Huang et
al., 2011).

Governing design variables
Environmental variables describe the wave

359

boundary conditions: wave height at the toe H
(the significant height H_s for irregular waves),
wave period T (mean T_m and peak T_p for ir-
regular waves), wave steepness S, water depth d,
and angle of attack B (Van der Meer, 1992). Wave
steepness and the deep-water wavelength are:
S=2mH/(gT?) (17)
L=gTI?/(2m) (18)
Hydraulic variables are the key responses govern-
ing hydraulic design wave run-up and run-down,
overtopping, transmission and reflection. The
transmission coefficient C_t and the reflection
coefficient are defined as ratios of the transmit-
ted (or reflected) to the incident characteristic
wave height, or equivalently the square root of
the corresponding energy ratio:

C_t=H_st/H_s=V(E_t/E_i) (19)
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Cr=H_r/H_.i=V(E_r/E.) (20)
Structural variables relate the structure to the
wave field through the stability number and rela-
tive buoyant density:

N_s=H/(AD) (21)
A=(p_r/p_w)-1 (22)
The cross-sectional structural variables of the
perforated breakwater water depth d, total height
h_t, water height above the wedge h_f, freeboard
R_c, wedge height h_r, breakwater radius R_s and
porosity P are illustrated in Figure 7. As porosity
increases, the force on the structure decreases;
porosity can be tuned to optimise both the hy-
draulic responses and the forces on the structure.

(Fig. 7)

Experimental set-up

The variables governing the assessment of hy-
draulic performance are summarised in Table 2;
all procedures and analyses were conducted ac-
cordingly. To ensure order and accuracy, a struc-

tured test matrix was prepared: for each break-
water, one wave height was tested for each wave
period, and on completion the next breakwater
was placed in the flume. The complete matrix
of wave tests is given in Table 3, and the mod-
el-naming abbreviations follow the table.
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Figure 7: Governing variables of the structural cross-section
of the perforated breakwater (Miche, 1944).

Table 2: Governing variables in the hydraulic-performance evaluation

Variable Symbol Value in the model
Wave height H 23 cm
Wave period T 1.012s
Water depth at the structure d 80 cm
Wave steepness H/, 0.142
Relative depth d/n 0.5
Water depth to wave height ratio d/H 3.478
Piston-type wave-maker stroke S 14.55 cm
Wave frequency f 0.988 Hz
Scale - 1:13
Table 3: Matrix of wave tests on the breakwater models
NO Type L B(cm) | D_B(cm) | H.B(cm)| A(cm) | T(s) | H(cm) | h_r(cm) | h_f(cm) | h_r/h_f | x
CBOWFW1 250 30 60 160 1.012 23 10 70 0.143 12
4 HBOWFW4 250 30 60 160 1.012 23 10 40 0.25 1
HBOWEW5 250 30 60 160 1.012 23 10 40 0.25 10
6 | HBOWFEWG6 250 30 60 160 1.012 23 10 40 0.25 10.5
10 | CBOWSWI10 250 triangle 60 160 1.012 23 10 70 0.143 | 155
12 | HBOWSW12 250 triangle 60 160 1.012 23 10 40 0.25 14.5
13 | HBOWSW13 250 triangle 60 160 1.012 23 10 40 0.25 135

360




Int. J. Urban Manage. Energy Sustainability, 6(4):353-365, 2025

15 | HBOWSW15 250 triangle 60 160 1.012 23 10 40 0.25 125
16 | CBOWFW16 300 30 60 160 1.012 23 10 70 0.143 12
19 | HBOWFW19 300 30 60 160 1.012 23 10 40 0.25 115
20 | HBOWEW20 300 30 60 160 1.012 23 10 40 0.25 10.5
21 | HBOWFEW?21 300 30 60 160 1.012 23 10 40 0.25 1
25 | CBOWFW25 250 60 60 160 1.012 23 10 70 0.143 12
27 | CBOWFEW27 250 60 60 160 1.012 23 10 70 0.143 12
28 | HBOWFW28 250 60 60 160 1.012 23 10 40 0.25 1
29 | HBOWEW29 250 60 60 160 1.012 23 10 40 0.25 10
30 | HBOWFEW30 250 60 60 160 1.012 23 10 40 0.25 105

Model-naming key: CBOWFW - complete break-
water on the water, both bottle sides closed, first
side facing the wave; CBOWEW as above but the
end facing the wave; CBOWFEW - as above but
the middle facing the wave; HBOWEW half of
the breakwater on the water, bottle top closed
and bottom open, bottom facing the wave;
HBOWFEW half of the breakwater on the water
in a combined open/closed arrangement facing
the wave; the trailing S denotes a triangular
(sloped) end arrangement.

FINDINGS AND DISCUSSION
The physical-model tests yielded the following
general results:

*The perforations effectively dissipated wave
energy.

*The horizontal breakwaters near the water
surface exhibited lower uplift forces than the
other models.

*The two-row, double-sided configuration
in the combined wave-facing condition showed
minimal displacement and the highest stability.

*Increasing the number or diameter of the
perforations directly reduced the reflection and
transmission coefficients.

Effect of perforation percentage on wave run-
up

For breakwaters with an open (wave-facing)
front and a closed rear, the run-up on the im-
permeable models (CBOWFW16, CBOWSW10,
CBOWFW1, CBOWFW25) was compared with
that on four single-side perforated models
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(HBOWFW4, HBOWFW12, HBOWFW19, HBOW-
FW28). The run-up was higher on the imperme-
able breakwater and sometimes led to overtop-
ping. Introducing perforations covering up to
7% of the exposed surface reduced the run-up,
because the perforations dissipate energy so that
less energy remains for run-up. Displacements of
the four perforated models were nearly identical;
the optimal 7%-perforation case was HBOW-
FW?28 (Fig. 8, a-d).

Effect of perforation size on wave run-up

The run-up on breakwaters with larger perfo-
ration diameters exceeded that with medium
diameters, and the run-up with smaller diame-
ters also exceeded that with medium diameters;
the medium (composite) perforation size there-
fore performed best, owing to greater energy
dissipation and reduced run-up. Furthermore,
increasing the d/L ratio and thus decreasing the
wavelength and wave period reduced the run-up
(Fig. 9, a-c).

Advantages of recycled-material breakwaters

The application of recycled materials in break-
water construction offers several engineering
and environmental advantages: it establishes
a controlled hydraulic connection between the
open sea and the harbour basin, promoting natu-
ral water exchange, improving water quality and
reducing corrosion from stagnation; it lowers
the environmental footprint and material-pro-
curement cost (subject to proper characterisa-
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tion of the recycled material’s geotechnical and
durability properties); it minimises interference
with littoral drift, reducing downdrift erosion
and updrift accretion; it enhances ecological con-
nectivity by allowing fish passage; it suits con-
strained and moderately deep sites; it shortens
the construction schedule; it attenuates run-up
and overtopping; it lowers hydrodynamic load-
ing and the risk of toe scour; and the phase lag
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less depends strongly on the source material and
environmental exposure, so rigorous physical and
numerical modelling remains indispensable for
validation and optimisation (Kenny & Rozovsky,
2023; Corbau et al., 2023).
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Figure 8: Effect of the perforation percentage on the relative wave run-up (Ru/Hi) versus relative depth (d/L) for single-side
(wave-facing) perforated breakwaters, for four model pairs (a-d)
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Figure 9: Effect of the perforation diameter on the relative wave run-up for single-side perforated breakwaters (a—c)

RESULTS AND CONCLUSION

The findings demonstrate that structural ge-
ometry and configuration exert a predominant
influence on hydrodynamic performance. Per-

forated breakwaters not only provided effective
wave-energy dissipation but, through the in-
corporation of recycled materials, also offered a
sustainable and economically viable solution for
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coastal protection. This synergy between opti-
mised hydraulic design (through perforations)
and sustainable material use establishes a prom-
ising pathway for eco-efficient maritime infra-
structure. The observed reduction of run-up and
transmission with moderate perforation, and its
partial reversal at very high porosity, is consistent
with recent experimental and numerical studies
showing that an intermediate porosity maximis-
es energy dissipation while limiting transmission
(Xu et al., 2022; Yang et al., 2024; Elsheikh et al.,
2022). The superior stability of the two-row, dou-
ble-sided arrangement accords with the phase-
lag mechanism reported for perforated caissons
and multi-row permeable structures (Liu et al.,
2023; Peng et al., 2023; Huang et al., 2011). Scale
effects associated with viscous flow through the
perforations should, however, be borne in mind
when transferring the laboratory results to pro-
totype scale (Sollitt & Cross, 1972; Brancasi et al.,
2022).

Wave run-up

*In single-side perforated breakwaters (seaward
face), increasing the perforation percentage up to
42.78% reduced the wave run-up.

*Increasing the perforation percentage further
to 78.5% reversed the trend and slightly increased
run-up, although it remained lower than that of
HBOWFEW?27.

*In double-side perforated breakwaters, in-
creasing the perforation percentage reduced the
run-up.

*The optimal cases for reducing run-up and
displacement were HBOWFW4 and HBOWFW28
at 7% perforation, HBOWFEW6 and HBOWFEW30
at 42.78%, and HBOWEWS5 and HBOWEW?29 at
78.5%.

Wave transmission

Increasing the perforation percentage in-
creased wave transmission through the struc-
ture: the 7%-perforation breakwater had the
highest, and the 42.78%-perforation breakwater
the lowest, transmission coefficient; the optimal
case for minimising transmission was therefore
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the 42.78%-perforation breakwater.

eIncreasing the perforation percentage from
7% to 42.78% increased wave-energy dissipation,
whereas increasing it from 42.78% to 78.5% de-
creased dissipation.

*Overall, the two-row, double-sided perfo-
rated breakwater in the combined wave-facing
arrangement provided the best balance of wave
attenuation and stability, confirming perforated
breakwaters made from recycled materials as an
effective, sustainable coastal-protection option.
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