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Abstract

Designing armor units that can withstand harsh marine environments while remaining cost-
effective is a central challenge in modern breakwater engineering. This study introduces
a newly designed artificial armor unit and evaluates its performance in comparison with
established alternatives such as the accropode, core-loc, and conventional rock armor. The
findings reveal that the new unit achieves a lower packing density, reducing the number
of units required and thereby improving overall cost-effectiveness. Armor layers formed
from the newly designed unit exhibited higher porosity than accropode but lower than
core-loc, effectively avoiding the slender geometries that compromise durability. Structural
analysis using STAAD.Pro confirmed that the new unit developed lower tensile stresses,
with reductions of 15% compared to accropode and 35% compared to core-loc under flexure,
torsion, and combined loading, demonstrating superior integrity. Hydraulic stability tests
showed that the randomly placed newly designed units resisted failure at a stability number
(Ns) of 1.4, lowering run-up by 50% and overtopping by 59%, while the uniformly placed
newly designed units reached 1.5 without failure, with run-up and overtopping reductions
of 30% and 37%, respectively. Collectively, these outcomes highlight the clear hydraulic
and structural advantages of the new design over conventional systems, establishing it as a
stronger and more resilient solution for breakwater protection.

Keywords: artificial armor unit; hydraulic stability; structural integrity; packing density;
overtopping; economic efficiency

1. Introduction
1.1. Research Background

Throughout history, great civilizations like the Greeks, Romans, Mesopotamians, and
Egyptians thrived near the sea, as coastal locations symbolized wealth, prosperity, and
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strength [1]. The sea provided a sustainable food source, facilitated trade, which advanced
technology and weaponry, enabled cultural exchange, and served as a natural defense
against invasions [2]. Despite these advantages, coastal locations also face challenges
from storms and high waves, which can lead to erosion and flooding [3]. To minimize
human and property loss, various measures were implemented to protect coastal areas and
waterways [3].

Previous studies classify coastal defense methods into two types: soft and hard. The
soft approach relies on natural sediment to reduce wave impact. Beach nourishment, a
common soft coastal defense method, restores eroded beaches by adding sand. Although
it avoids physical barriers, it has drawbacks such as reduced water clarity, short refill
lifespan, and inconsistent performance [4]. On the other hand, the hard approach to coastal
defense uses physical barriers to reduce wave impact and prevent erosion. As a traditional
method, it remains widely used due to extensive research, perceived security, and the need
to safeguard high-value coastal areas [4].

Coastal defense structures are classified into onshore, shore-detached, and offshore
types. Onshore structures, like sea walls and revetments, are built parallel to the coast
using stone or concrete to prevent erosion [5]. They are preferred for protecting valuable
hinterland, even at the cost of beach erosion [5]. Shore-detached structures, like groins and
jetties, are built perpendicular to the coast. Groins are smaller and placed in groups, while
larger jetties extend further offshore [6]. They control sediment movement and protect
harbors but may cause downdrift erosion [6].

Offshore structures, or breakwaters, are built away from the coast to reduce wave
impact. The main types are rubble mound and caisson breakwaters [7]. Rubble mound
breakwaters, made of quarry rock and concrete, help reduce wave action and promote
beach formation by intercepting sediment movement [8].

While coastal locations offer many benefits, they also face erosion and flooding, ex-
acerbated by global warming. Rising sea levels and stronger storms heighten flood risks,
while increasing wind speeds intensify waves, threatening beaches and coastal areas [9].
Additionally, many coastal countries are expanding into the sea, but those near tectonic
plate boundaries face earthquake and tsunami risks, leading to severe property damage
and loss of life [10]. Engineering challenges also arise, as large rock armor units (10-15 tons)
are scarce and face structural and economic limitations [11]. In addition, real-life events
have underscored the vulnerability of traditional RMBWs, for example, armor layer failure
when subjected to waves caused by severe storms such as Typhoon Mangkhut in 2018 [12],
and the Black Sea storm in the same year which led to severe structural damage in which
core erosion and crown wall collapse occurred [13].

These examples highlight the critical importance of the stability number in armor
design. Although this study is a preliminary hydraulic assessment, it aims to evaluate a
new armor unit that has the ability to mitigate these issues facing the infrastructure through
providing enhanced stability and overtopping risk reduction [14,15].

Such challenges emphasize the need for stronger, more stable, and cost-effective
alternatives with higher structural integrity. The newly designed artificial armor unit will
offer better hydraulic performance, greater stability, reduced overtopping and run-up,
improved porosity, and better cost-effectiveness compared to rock armor units and other
artificial armor units.

1.2. Literature Review

Many previous studies have examined the design of new concrete units for offshore
breakwaters, focusing on durability, hydrodynamic performance, and environmental com-
patibility, while also addressing the challenges and benefits of sustainable coastal protection
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solutions. Additionally, research on rubble mound breakwaters (RMBWs) has categorized
key aspects such as stability, overtopping, and run-up, analyzing the effects of rock and
concrete armoring. This discussion begins with a detailed description of a typical rubble
mound breakwater and its structural requirements. An RMBWs is a sloped structure made
of layered rock, with a core of quarry-run rock, intermediate layers, and outer armor units
to dissipate wave energy, as shown in Figure 1.

SEAWARD SIDE LEEWARD SIDE

Run-up Tip Crest

Armor Layer

/-—— Underlayer

Toe

\- Seabed

Figure 1. Cross-section of a typical (RMBWs).

Hudson’s early work on RMBWs instituted a basic empirical equation for sizing armor
units depending on an extensive physical modeling program using regular waves [16].
The created formula directly relates wave height, density of the used material, slope angle,
and the stability coefficient. However, Hudson’s formula was limited to regular waves,
and it cannot be adopted when surf zone processes, wave breaking, and storm duration
are vital information to take into consideration. Van der Meer [17] conducted systematic
experiments under random waves in which he expanded the understanding of armor unit
stability along with damage parameters that take into consideration wave period, storm
duration, permeability, and wave breaking mode.

Sayar SD et al. [18] examined the hydraulic performance of eco-friendly breakwaters,
assessing wave effects and habitat benefits. They compared traditional and ecological de-
signs using models, highlighting their potential for both coastal protection and biodiversity.

Safa E et al. [19] evaluated a new nature-based armor unit for rubble mound break-
waters, finding that it reduced wave impact and improved energy dissipation, offering
a sustainable solution to enhance breakwater stability and durability. Park YH et al. [20]
developed a new concrete armor unit to withstand high waves and enhance coastal pro-
tection. The results indicated that the unit exhibited improved hydraulic stability, wave
energy dissipation, and structural integrity, making it a durable and effective solution for
high-wave environments.

Leone E et al. [21] evaluated the overtopping performance of a rubble mound break-
water with innovative armor units using physical and numerical modeling. The results
indicated that the new armor units significantly reduced overtopping, improving the break-
water’s hydraulic performance and enhancing coastal protection. In addition, Mousavi SH
et al. [22] conducted an experimental analysis of breakwater stability using Antifer concrete
blocks. The findings revealed that these blocks significantly improved structural stability
and wave resistance, making them a dependable solution for breakwater reinforcement.

Suwondo R et al. [14] demonstrated that improving armor stability coefficients can
enhance the hydraulic, economic, and environmental performance of rubble mound break-
waters within conventional design frameworks. Building on this approach, the present
study advances the field by shifting the focus from parameter optimization to geometry-
driven armor unit design, showing that enhanced interlocking and structural compactness
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can fundamentally improve stability. This progression supports the development of future
breakwater solutions that are more resilient, scalable, and sustainable.

Khodadoust H [23] applied a multi-criteria framework to evaluate armored breakwater
alternatives by balancing hydraulic, economic, and environmental factors, while the present
study advances breakwater performance at the armor-unit level through geometry-driven
design that enhances inherent stability and resilience.

1.3. Research Novelty

The novelty of this study lies in the development of a new concrete armor unit
specifically designed for offshore breakwaters, aimed at surpassing the performance of
traditional rock armor. Unlike existing studies, the proposed unit is comprehensively
evaluated against widely used artificial armor systems, considering key factors such as
porosity, packing density, hydraulic stability, and structural integrity, while also addressing
cost-effectiveness. This integrated approach highlights the unit’s potential advantages and
establishes its contribution as a more efficient and durable solution for coastal protection.

1.4. Research Main Objectives

This study aims to design a new, cost-effective armor unit with superior hydraulic
performance through a three-step approach: concept development, hydraulic testing in
two-dimensional flumes, and comparative evaluation with existing armor units. The key
objectives are to achieve better interlocking than rock armor, enhance hydraulic stabil-
ity while reducing run-up and overtopping, and ensure structural integrity with higher
porosity. In addition, the study seeks to realize a lower packing density than conventional
artificial units, thereby improving both efficiency and resilience of the new design.

2. Methodology

RMBWs simply consist of several components that provide both hydraulic perfor-
mance and structural stability. The core, commonly constructed from quarry-run rock
or geotextile tubes filled with sand, provides necessary permeability to disperse wave
energy and should be designed to avoid material segregation [24]. On the seaward side,
toe protection provides stability for the armor layer. The underlayers offer both filter and
structural support, in which they are commonly arranged in two or more stone-thick layers
of rocks that are sized beneath the primary armor [25]. The slope angle further influences
the RMBWSs’ structural stability, where slopes on the seaward side range from 1:1.5 for rock
armor units to 1:1.33 for interlocking concrete units. Width and elevation of the crest are
dependent on both overtopping limits and construction requirements; at least three rows
of armor units are usually incorporated.

2.1. Armor Layer

The armor layer, made of rock or designed units, resists waves with a set slope and
thickness. Units can be systematically or randomly placed, with stability critical to the
structure’s success [26]. The types of armor layers are briefed below:

1.  Rock armor units

Rock is commonly used for armor units in rubble mound breakwaters, but sourc-
ing large rocks (10-15 tons) can be challenging for local quarries, with transportation
costs adding further economic difficulties. The most common types of rock armor are as
follows [27]:

e  Random-shaped rocks
e  Polygonal armor units
e  Core-layer rocks
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° Artificial rock units
e  Riprap

Figure 2 demonstrates the different types of rock armor.

Figure 2. Different types of rock armor.

2. Concrete armor units

When choosing stone armor units for a cover layer, if the desired size is unavailable
or not cost-effective, alternatives should be evaluated. Concrete armor units serve as a
practical replacement, providing a higher stability coefficient. This allows them to be placed
on steeper structure slopes while also reducing the required weight of the armor units. The
most common types of concrete armor are listed below [28]:

Tetrapod
Dolos
Accropode
Core-loc
Cube
Xbloc
A-jacks

Riprap (modified concrete variants)

Figure 3 demonstrates the different types of concrete armor.

Unique Leg
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Figure 3. Different types of concrete armor.

2.2. Design Adoption

This study aims to develop an interlocking concrete armor unit that can be arranged
either randomly or uniformly in a single layer. The redesigned unit should also incorporate
the following;:

e A hydraulic stability similar to that of accropode and core-loc;
e A robust shape that gives it higher structural integrity;
e A concrete demand less than that of accropode and core-loc.
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Design Concept

As shown in Figure 4, the unit exhibits a simple, robust geometry that is easy to
fabricate and contains no slender components. It is suitable for single-layer application,
with a design that provides strong interlocking capability and allows placement either
randomly or uniformly on a slope.

) T
D/3 D73
L 0
l )
X  (D3RO.1D ©rpoD X
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il !
3D View Front and Back view Top and Side view

Figure 4. Proposed armor unit and its proposed geometry.

To make a comparison with more established single-layer armor units such as the
accropode and Xbloc, the proposed interlocking concrete unit provides several advantages.
The orthogonal prismatic geometry enables simpler and cost-effective mold fabrication,
providing cost reduction while enhancing dimensional consistency and quality control
during casting. The thick, compact arms ensure great structural robustness and lower risk
of damage when handling, transporting, and placing, which is an issue encountered with
more slender proprietary units. The proposed armor unit provides reliable mechanical
interlocking and stable packing when used on typical design slopes and at the same time
requires less specialized operator training and placement procedures.

2.3. Geometric Configuration of the Proposed Armor Unit

The newly designed concrete armor unit consists of a daisy-shaped central core with
two symmetrically attached cube-like arms, resulting in a geometry with two primary faces
as in Figure 4. The unit is designed to promote interlocking between adjacent elements,
enhancing hydraulic stability while maintaining ease of placement.

The basic design formulae and concrete armor unit parameters are listed in the rock
manual by the Construction Industry Research and Information Association CIRIA C683
(2007) [29], as shown in Table 1 below.

For the recently introduced concrete armor unit, the equations provided in Table 1
are applied to calculate the layer coefficients, porosity (the percentage of voids inside the
armor layer in relation to the total volume), and packing density (describes how tightly
the armor units are arranged within the armor layer). These calculated values are then
compared with the parameters of other artificial armor units, which are imbedded in the
rock manual CIRIA C683 (2007) [29], and presented in Table 2 below.
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Table 1. Geometric design parameters for random armor units—CIRIA C683 (2007) [29].

Parameter

Equation Equation No.

Armor unit volume, nominal diameter, and

characteristic length

V=M/pc)= Dy’ = ksD3 1

Center-to-center distance between armor Ay =Xe D =XDp; X = X /kel/3

units Ay=Y.D=YDy;Y=Yc/ks!/3 @)
Area covered by one armor unit A=A Ay = Xc Ye D2=XYDy2=n/N 3)
Armor layer thickness ta = n k¢ Dn = n keD; ke = ke k173 4)
Armor layer porosity 2"1:_1 1_/ (I;X{{((:)A t) =1 = ke?/?/(Xc Yek) (5)
Packing density coefficients ® =nk; (1 —ny) (6)
Number of units per unit area N=®/D,2=d/V?/3 (7)
Concrete volume Ve=NV=t,(1—ny) (8)

A: Total surface area (m?) of armor layer panel parallel to slope; D: Area covered by one armor unit (m?), equal
to: nA/N,; Dn: Nominal armor unit diameter (m), the equivalent cube size; k.: Modified layer coefficient (-);
ks: Shape coefficient (-); k¢: Layer coefficients (-); N: Number of armor units per unit area (1/ m?2); N,: Total
number of armor units placed on surface area (-); n: Number of layers; ny: Armor layer porosity (-); ta: Armor
layer thickness (m); V: Armor unit volume (m?); V¢: Concrete volume per unit area (m?®/m?2); M: Armor unit
mass; X, Xc: Dimensionless horizontal distance (-); Y, Y¢; Dimensionless upslope distance (-); Ax, Ay: Horizontal
and upslope center-to-center distance between units (m); ®: Packing density coefficients (-); p.: Density of
concrete (kg/ m3).

Table 2. Parameters for several armor units—CIRIA C683 (2007) [29].

Distance Between

éSZFﬁT- gg:%—?- Units Porosi Il’)aecl!l(slﬁﬁ LModiﬁCed_ Recommended
Armor Unit Type Size (m?) cients cient Horizontal Slope- ty Coeffi- ;}%‘gen‘t’ Slope
Parallel cient
k¢ () ks () Ax/Dy, () Ay/D (-) ny (-) P () k. Cot & (-)
R;’;lg‘ég?}rg;ﬁgé‘r’ge - 1.0 08 1.0 1.0 0.4 0.56 1.0 11?0125
Cube (two layers) 1 - 1.10 1.0 1.70 0.85 0.47 1.17 1.10 -
Tetrapod _ 1.02 0.280 1.98 0.99 0.5 1.02 0.667 4/3t0 1.5
Dolos (r = 0.32) 0.94 0.16 2.19 1.10 0.56 0.83 0.51 2t03
<5 1.77 0.86 0.491 0.656
Accropode 5-12 1.29 0.341 1.82 091 0.531 0.605 0.9021 4/3t0 1.5
>12 1.86 0.93 0.552 0.578
<5 1.83 0.91 0.605 0.598
5-8.5 1.85 0.92 0.613 0.587
Core-loc W 1.516 0.2236 1.85 0.93 0.613 0,580 0.9201 4/3to 1.5
>12 1.87 0.92 0.624 0.569
<5 1.87 0.92 0.587 0.578
Xbloc 5-12 1.40 0.333 1.92 0.94 0.603 0.552 0.97 4/3t0 1.5
>12 1.96 0.97 0.623 0.528
High 2 1.33 1.00 0.25 0.75
Cube (one layer) 1.0 1.0 1.0 -
Low 2 1.70 0.85 0.31 0.69

Notes: 1. r = waist-to-height ratio (waist diameter of central section and total height of unit); 2. Packing density.

2.4. Structural Integrity

The structural integrity of the newly designed armor unit is presented in this section.
Structural integrity refers to the unit’s ability to withstand stresses caused by wave energy
dissipation and handling. The STAAD.Pro software (STAAD.Pro V8i) is used to analyze
and determine the level of stress the new design can endure. Figure 5 shows the loading
and fixing schemes used in this study. To determine the stress levels for the newly designed
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unit, a unit with a volume of 8.65 m> was selected. The unit is made of concrete, chosen
from the material options available in the STAAD.Pro software. The selected concrete has a
density of 23.5616 kN/ m3, a Young’s modulus (E) of 21,718,456 kN / m?, and a Poisson’s
ratio (v) of 0.17.

9-ton point load @
centre of leg

I—- 9 ton point load @
/J |: ] L centre of cubical leg

Flexure 1 Flexure 2 N

'_O—l_r. 4 <—— 9 ton point load @
centre of leg
@ 4.5-ton load pushing :| @ 4.5 ton load pushing
O 4.5-ton load pulling O 4.5 ton load pulling

.
Lol 1L, '

Flexure & Torsion

Torsion =

Figure 5. Loading schemes for the newly designed armor unit.

2.5. Possible Placement Arrangements

This section presents various possible placement configurations for the new armor unit.
These configurations are tested using concrete models with a volume of 72 cm? and a height
of 6 cm. The models are positioned within a specific area measuring 21.5 cm x 34.0 cm.

2.5.1. First Placement

This placement configuration allows 20 units to be positioned within the specified
area. The units are oriented at a 45-degree angle relative to the x-axis of the area. The height
of this layer is 4.5 cm. Figure 6a illustrates this placement configuration.

2.5.2. Second Placement

This placement configuration allows 21 units to be positioned within the specified area.
The units are stacked parallel to the area’s axes. The height of this layer is approximately
4.5 cm. Figure 6b illustrates this placement configuration.

2.5.3. Third Placement

In this method, the units are stacked randomly. The maximum height of this layer corre-
sponds to the height of an individual unit, which is 6 cm. This placement method accommo-
dates 22 units within the specified area. Figure 6¢ illustrates this placement configuration.

2.5.4. Fourth Placement

This placement configuration allows 24 units to be stacked within the specified area.
The thickness of this layer is 4.5 cm. This placement configuration is illustrated in Figure 6d.
The geometry of the proposed newly designed armor unit provides four feasible
placement schemes due to its symmetric arm configuration and balanced mass distribution.
The uniform and patterned arrangements shown in Figure 6 are the only patterns feasible
and could be recommended for safe and efficient on-site stocking. They promote stability

https://doi.org/10.3390/eng7020062


https://doi.org/10.3390/eng7020062

Eng 2026, 7, 62

9 of 27

and space efficiency because of the orderly nature in which they allow the armor units to
be stacked in stable, nested layers, leading to the conservation of valuable casting yard
space and ensuring worker safety. In contrast to these patterns, the randomly placed
unit pattern, as shown in Figure 6c, is strictly a placement scheme used on breakwater
slopes and is unsuitable for storage due to its unpredictable, dangerous, and unstable
stacking arrangement.

Figure 6. Possible placement configurations. (a) First placement, (b) second placement, (c) third
placement, and (d) fourth placement.

Therefore, one of the three uniform patterns will be selected (the arrangement shown
in Figure 6b) to be tested along with the random placement scheme for their on-slope
performance. These tests will be thoroughly described in the coming sections.

2.6. Laboratory Work

The upcoming sections will outline the experimental set-up for testing a newly de-
signed concrete armor unit’s hydraulic response and stability, compared against a rock
armor layer. The study examined overtopping and run-up for the new unit, but transmis-
sion and reflection were not tested due to equipment limitations. The testing process is
split into three phases: unit fabrication, cross-section design, and the testing phase itself.

2.6.1. Phase One (Unit Fabrication Phase)

A series of trial-and-error experiments were conducted to fabricate a concrete unit
model. This process involved designing a durable mold and selecting a suitable mortar
mix that could be easily poured and remain intact after drying.
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Mold Design Process

The mold design process involved multiple trials. Initially, a two-piece wooden mold
was used but failed due to its rough interior causing mortar adhesion. A second attempt
with a two-piece steel mold also failed due to air suction between the halves. Ultimately,
a multi-component plywood mold was chosen for its cost-effectiveness and ability to
accelerate fabrication. Figure 7 illustrates the mold design and its actual dimensions.

12eam 12cm 12cm
n—iOo‘n—T y—10am__p F—10em—yp
Q- ——-%}— - - e o
-_l_ l_, ) 7_I_ _l_ _I_ _I_
[ N [P A
10 cm 10cm 10 cm
l___:_— L l_ 4 5 '_L
gy i o i b SZNG £ A b S |
i S G i i i Sl i

Figure 7. Mold dimensions.

Figure 8 illustrates the mold’s four-layer design with actual dimensions. The first
and third layers shape the unit’s attached cubes, the second layer forms its faces, and the
fourth layer serves as the base. Each layer, except for the fourth, consists of four parts to
achieve the desired shape.

Figure 8. Fabrication procedure. (a) Complete molds and (b) mold with a casted unit.

Mortar Mix

The selected mortar needed to be easy to pour, simple to prepare, and durable when
dry. Initial mixes of sand, cement, and water were difficult to pour and caused weak points
in the model.

A cement slurry (cement and water) was chosen instead, ensuring better flow, minimal
leakage, and appropriate hardening time. The final mix had a 2:1 cement-to-water ratio
with a density of 1700 kg/m?.

Fabrication Procedure

The molds were cleaned and oiled before casting. Sufficient mortar was prepared
and gradually poured into the molds with vibration to prevent air bubbles. The casted
molds were left to dry for 24 h before the models were removed and wrapped in plastic for
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curing. This process produced 130 units, each with an average weight of 122 g, a density of
1700 kg/m?, and a volume of 72 cm>. Figure 8a,b show the fabrication procedure

2.6.2. Phase Two (Structure Cross-Section Design)

This study focuses on testing a new armor unit for its hydraulic stability and response
by designing a theoretical rubble mound breakwater. The breakwater is emergent, has
two layers and a core, and lacks toe support and a concrete crown. For comparison, rock
armor units, chosen for their abundance and ease of use, are paired with the new units,
both having an average individual weight of 122 g. The underlayer stones weigh 22 g (1/5
to 1/10 of the armor layer), and the core, made of crushed stone under 10 mm, weighs 1.1 g
(1/20 of the underlayer). The armor layer thickness is set at 6 cm, matching the artificial
unit’s height. A slope of 1:1.5 is selected as it suits both rock and artificial units. The
new armor units are tested in two configurations, random and arranged placements, to
evaluate the preliminary hydraulic stability. A narrow 2D wave flume was chosen to make a
comparison between the newly designed armor unit’s hydraulic stability and conventional
rock armor under controlled flow conditions. The limited width allows for uniform loading
across both armor types and limits unwanted lateral dispersion. Typically, rock armor units
rely on mass and surface roughness for hydraulic stability, while the newly designed armor
unit depends on interlocking, geometry, and orientation. The narrow flume helps to expose
these behavioral differences by creating consistent turbulence levels and repeatable shear
stresses on each set-up. This will make it possible to obtain the threshold at which each
armor type begins rocking, sliding, or displacing, enabling a fair and efficient basis for
evaluating if the newly designed armor unit offers improved hydraulic performance before
advancing to broader physical testing. In addition, the narrow flume provides a controlled
environment to study the performance of the newly designed armor unit when subjected to
regular waves, including how the units interact and interlock among themselves. Figures 9
and 10 illustrate the random and arranged placements of the units, respectively, from a plan
view. Figures 11 and 12 depict both the rock armor layer and the armor layer composed of
randomly placed, newly designed armor units.

Figure 9. Top view of randomly placed, newly designed units.
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Figure 12. Front view of randomly placed, newly designed armor units.
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Figures 13 and 14 illustrate the cross-sections of the theoretical structure for the rock
armor layer and the layer of uniformly placed newly designed units, respectively.

Figure 14. Cross-section of the theoretical structure with a layer of uniformly placed newly designed
units (first orientation).

2.6.3. Phase Three (Experimental Set-Up)

Two-dimensional tests were conducted to evaluate the hydraulic stability and response
of the new armor unit. These tests utilized an Armfield S6 MKII (Armfield Ltd., Ringwood,
UK tilting flume following the guidance of CIRIA C683 [29], which has a length of 10 m,
a height of 45 cm, and a width of 30 cm. This flume can generate small, regular surface
waves. Waves were produced using a motor-powered paddle (Armfield Ltd., Ringwood,
UK) at the upstream end. The paddle vacillates horizontally, hence producing periodic
disturbances down the flume, generating regular waves. Figure 15 shows the flume used
in the tests.
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Figure 15. Hydraulic flume with the wave generator.

A rod connected the motor’s flywheel to the paddle. Adjusting the rod’s position on
the flywheel produced a range of wave heights. The motor operated at a constant speed of
100 revolutions per minute, and a consistent mean wave period of 0.63 s was maintained
throughout the tests. Manual point gauges were used to determine wave heights. It is
worth mentioning that the Reynold’s number is approximately 0.0003. The obtained value
agrees with the standard criteria for neglecting viscous scale effects when testing RMBWs.

Although the flume is considered small for rigorous hydraulic stability testing, the goal
of this research is the comparison of hydraulic behavior between the newly designed armor
unit and rock armor under controlled, repeatable flow-generated waves. Early comparison
of rocking, sliding, or displacement can be performed effectively in small flumes such the
one used in this study. At this stage, performance comparisons of the tested armor units
outweigh the need for reliable wave modeling.

2.6.4. Hydraulic Stability

The study used two-dimensional experiments to evaluate the hydraulic stability of a
new armor unit. The cross-section, adhering to phase two guidelines, was set at a height
of 25 cm (based on the flume’s waterway) to avoid water spillage, spanned the flume’s
30 cm width, and was placed 5 m from the wave generator where waves broke. A 12 cm
water depth was chosen to ensure consistent waves, with the height being the only pre-set
design factor. The stability number (Ns = H/ADn) was correlated with the surf similarity
factor (&) to determine the stability numbers for both rock and the new armor unit in both
placements. The Hudson formula was employed to obtain the stability number and the
surf similarity number was obtained through the following formula:

tan o

£=\/Ho/Lo
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where « is the slope angle, Hy is the incident wave height, and Ly is the deep-water
wavelength, which was determined from the linear wave theory relationship:

_ 8T

Lo =
0 2

with T representing the wave period and g the gravitational acceleration.

2.6.5. Run-Up

Run-up was tested for both the rock armor layer and the armor layer composed of the
new armor unit. The same cross-section used in the hydraulic stability test was applied
here. Additionally, the same orientation as in the first experiment was maintained. Run-up
was measured by determining the distance the wave climbed on the structure’s slope above
the water level. Figure 16 shows the run-up (R) for the rock armor layer.

Figure 16. Run-up testing using the first orientation.

2.6.6. Overtopping

A different testing scheme was used for overtopping. To measure the quantity of
overtopping, a specific structure was constructed. The fabricated structure was made of
Perspex and had the same slope and height as the cross-section used in previous tests, but
with a narrower width, holding only half of the original cross-section. It also contained a
water basin with the same height as the structure (25 cm), a width of 20 cm, and a length of
10 cm.

The purpose of this test was to allow overtopping to occur over the slope. This was
achieved by subjecting the cross-section to waves of constant height and period while
maintaining a high water depth at the toe of the structure (up to 20 cm). As a result, the
freeboard (the distance between the crest level and the water level) was 5 cm. The test
procedure involved measuring the amount of water collected in the basin for each armor
layer. Figure 17 shows the top view of the basin used for this test, while Figure 18 illustrates
how the test was conducted.
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Figure 18. Overtopping testing using the second orientation.

3. Results and Discussion
3.1. Layer Coefficients and Parameters

The rock manual provides design parameters and formulas to determine armor layer
characteristics, including layer coefficients (Ks, Kt, Kc), porosity, and packing density.
Table 3 presents results for the newly designed armor unit on a 1:1.5 slope, compared with
other units in Table 2. Table 3 details layer coefficients, porosity, and packing density for
randomly placed units. Measurements included both horizontal and upslope distances.
The stability coefficient (Ks) was calculated from the unit volume and characteristic length,
while (Kt) was derived from the layer thickness and scale ratio. The full-scale units tested
were 4.5 m?, 8 m3, and 13 m® in volume.

Table 3. Parameters for the newly designed concrete armor unit.

Size of Unit Layer Shape . Packing Modified Layer
(m?) Coefficient K Coefficient K, Porosity ny Density @ Coefficient K.
<5 0.588 0.577
5-12 14 0.32 0.60 0.560 0.96
>12 0.601 0.559

These results were compared with the porosity and packing density of the accropode
and core-loc units in accordance with CIRIA C683 (2007) [29], as shown in Figure 19.
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Figure 19. Porosity and packing density of new, accropode, and core-loc armor units at different sizes.

For units smaller in size than 5 m?, the new design exhibits a porosity of 0.588, which
is 16.5% higher than accropode and 2.9% lower than core-loc, while its packing density of
0.577 is 13.7% lower than accropode and 3.6% lower than core-loc. This indicates that, at
small scales, the new design creates a more open structure than accropode but avoids the
excessive voids of core-loc, suggesting a compromise between hydraulic permeability and
structural compactness.

In the medium size range (5-12 m?®), porosity of the new unit (0.600) remains
11.5% higher than accropode but 2.2% lower than core-loc, and its packing density (0.560)
is 8.0% lower than accropode and 4.8% lower than core-loc. These results confirm the trend
of intermediate performance, showing that the new design can reduce overdensification
compared with accropode while still maintaining a tighter packing arrangement than
core-loc, which may support improved interlocking and stability.

For large-size units (>12 m?), the new design has a porosity of 0.601, 8.2% higher than
accropode yet 3.8% lower than core-loc, and a packing density of 0.559, which is 3.4% lower
than accropode and only 1.8% lower than core-loc. At this scale, the gap in packing density
narrows considerably, showing that the new design approaches the hydraulic and structural
performance achieved by established units while retaining a balanced void structure.

Overall, the new armor unit consistently positions itself between the two established
systems: it is less compact than the accropode but more efficient than the core-loc in terms
of hydraulic performance, exhibiting better interlocking and reduced displacement under
wave loading. Its porosity values also fall within the upper range without being excessive.
This balanced behavior suggests that the new design could deliver improved hydraulic
stability and wave energy dissipation while maintaining adequate structural efficiency
across all unit sizes.

The double-cube effect (DC) is a practical concept in coastal engineering describing
armor units that exhibit hydraulic stability comparable to units with approximately twice
their nominal volume. This behavior is generally attributed to enhanced interlocking,
multi-directional contact forces, and increased resistance to rotation, which collectively
allow a larger portion of the unit’s effective mass to participate in wave energy dissipation
rather than relying solely on self-weight. Safari I. et al. [30] experimentally demonstrated
this mechanism for the double-cube unit, reporting high hydraulic stability (Ns ~ 2.9)
and efficient overtopping reduction (ye ~ 0.46). Building on this principle, the newly
proposed armor unit is geometrically configured to promote similar force redistribution
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and interlocking efficiency through a balanced combination of arm extension and central
core compactness. This configuration increases porosity relative to accropode—enhancing
energy dissipation, while avoiding the excessive void formation observed in core-loc,
thereby maintaining competitive packing density and structural continuity. Although a full
parametric investigation of individual geometric variables (e.g., arm length and core size)
is beyond the scope of the present study, the observed performance trends indicate that
the proposed geometry effectively activates the double-cube mechanism, positioning the
unit as a scalable and integrated evolution toward simultaneous optimization of hydraulic
stability and structural efficiency.

3.2. Stress=Strain Analysis (Structural Integrity)

A stress—strain analysis was performed on the newly designed armor unit. To evaluate
the stress response, the unit was subjected to four different loading schemes, as illustrated
below. As noted earlier, the unit is made of concrete with a density of 23.56 kN/m3, a
Young’s modulus of 21,718,456 kN / m?3, and a Poisson’s ratio of 0.17.

3.2.1. First Loading Scheme

The first loading scheme applies a flexural load by placing a 9-ton point load on the
center-right side of the unit’s upper-right leg, while the upper- and lower-left legs are
fixed. Figure 20 presents a three-dimensional view of the unit generated using STAAD.Pro
software, illustrating the resulting stress distribution under this loading condition.
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Figure 20. Stresses acting on the unit from the first loading.

3.2.2. Second Loading Scheme

The second loading scheme, also a flexural load, was applied by subjecting a 9-ton
point load to the center of the right side of the cube attached to the unit’s face, while the
upper- and lower-right legs were fixed. Figure 21, generated using STAAD.Pro software,
illustrates the unit along with the resulting stress distribution.
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Figure 21. Stresses acting on the unit from second loading.

3.2.3. Third Loading Scheme

The third loading scheme involves torsional loading, applied through four-point loads
of 4.5 tons each on the upper and lower legs of the unit. Two of these loads act as pushing
forces, while the other two act as pulling forces, creating a twisting effect. The unit is fixed
at the central cube attached to its face. The resulting stress distribution is illustrated in
Figure 22.
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Figure 22. Stresses acting on the unit from the third loading scheme.

3.2.4. Fourth Loading Scheme

The fourth loading scheme is a combination of both flexural and torsional loads. The
flexural load is applied as a 9-ton point load acting on the center-right side of the upper-
right leg. The torsional load is created by two 4.5-ton loads applied to the face of the upper-
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and lower-right legs, with one load pushing and the other pulling. The unit is fixed at both
the upper- and lower-left legs. The stresses developed by this combined loading scheme
are shown in Figure 23.
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Figure 23. Stresses acting on the unit from the fourth loading scheme.

Maximum tensile stresses were obtained using STAAD.Pro software under four loading
schemes: two flexure loadings, torsion, and a combined flexure-torsion case. The software
calculated both compression and tensile stresses on the unit for each loading scheme. Table 4
shows the maximum tensile stresses applied to the unit by the four loading schemes.

Table 4. Maximum tensile stresses for four loading schemes.

Type of Loading Maximum Tensile Stresses
Loading scheme one (flexure) 0.430 MPa
Loading scheme two (flexure) 0.417 MPa
Loading scheme three (torsion) 0.300 MPa
Loading scheme four (torsion and flexure) 0.473 MPa

According to a study conducted by Wurjanto A. and Hardaya A.P. [31] on different
types of armor units, the core-loc armor unit exhibited higher tensile stresses than accrop-
ode across all loading schemes. Under flexure, core-loc reached about 1.4 MPa, while
accropode recorded around 1.2 MPa. For torsion, core-loc again showed a higher value
of about 1.5 MPa, compared to 1.0 MPa for accropode. Under the combined flexure and
torsion loading, core-loc experienced the highest stress at approximately 2.3 MPa, whereas
accropode reached about 1.6 MPa. The newly designed armor unit exhibited lower tensile
stresses compared to both the accropode and core-loc.

In particular, the core-loc experienced higher stresses due to its slender sections. This
indicates that the new design achieved greater structural integrity, making it equal to or
better than existing artificial armor units.

3.3. Hydraulic Stability Evaluation

The hydraulic stability was evaluated using Hudson’s formula, where the stability
number (H/ADn) was plotted against the surf similarity factor (£). To enable comparison,
two types of armor units were tested: traditional rock and a newly designed unit. The
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new armor unit was examined in two different placement configurations, random and
uniform. As a result, three types of armor layers were tested: a rock armor layer, a layer
with randomly placed new units, and a layer with uniformly placed new units. Tables 5-7
present the results for the three different armor layer configurations. In these tables, the
“adjustment number” refers to the position of the rod on the motor’s flywheel.

Table 5. Stability results for the rock armor layer.

Adjustment
e 1 2 3 4 5 6 7 8
Wave height 04 1.0 2.0 3.0 40 43 35 22
(cm)
Damage _ _ staratgoef dam- failure _ _ _

Table 6. Stability results for the randomly placed newly designed armor unit layer.

Adjustment
Number 1 2 3 4 5 6 7 8
Wave height 1.0 20 30 40 43 35 22
(cm)
Damage _ _ _ rocking _ _ _

Table 7. Stability results of layer composed of uniformly placed newly designed armor units.

Adjustment
Number 1 2 3 4 5 6 7 8
Wave height 04 1.0 2.0 3.0 40 43 35 22
(cm)
Damage _ _ _ _ _ rocking _ _

The hydraulic stability behavior of the three armor layers revealed clear differences
between the conventional and newly designed systems. Damage progression was recorded
visually, in accordance with the approach described by Campos A. et al. [32] and Marino
S. et al. [33], where rocking, displacement, and exposure of the underlayer are used as
primary indicators of instability in physical model testing.

Figure 24 illustrates the hydraulic stability behavior of the three armor layers, high-
lighting clear differences between conventional and newly designed systems. Based on
visual observations, the rock armor layer showed early weakness, with initial damage
occurring at a wave height of 2.0 cm and complete failure at 4.0 cm, corresponding to a
stability number of 1.0, where failure was defined as the exposure of the underlayer and
core. In contrast, the randomly placed layer of newly designed units withstood higher
loading, initiating rocking only at a stability number of approximately 1.4, while the uni-
formly placed layer of newly designed units performed even better, with rocking observed
at 1.5 and no failure recorded throughout the test sequence. These results demonstrate that,
unlike traditional rock armor, which is prone to early instability, the newly designed units
combine enhanced hydraulic energy dissipation with structural compactness, resulting in
improved resilience under wave attack. The present flume program is intentionally posi-
tioned as a comparative hydraulic assessment, aimed at identifying rocking, sliding, and
displacement thresholds under controlled and repeatable wave conditions prior to broader
physical testing. Within this framework, the new units exhibited significantly higher stabil-
ity margins than conventional rock armor, with rock failure occurring at Ns = 1.0, whereas
the newly designed units initiated rocking at Ns = 1.4-1.5, without progressing to failure.
Consequently, the proposed design effectively overcomes the early failure limitations of
rock armor and represents a meaningful step toward more stable and scalable solutions for
breakwater protection.
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Figure 24. Hydraulic stability for the three armor layers.

Two notable phenomena were observed during the hydraulic stability testing. First, at
the highest rod adjustment, incident waves were observed to break prior to reaching the
structure’s cross-section. This early breaking reduced the wave height and, consequently,
the wave energy exerted on the structure. Therefore, adjustments had to be made to ensure
that wave breaking would not occur prior to the structure’s position. Second, for the
randomly placed concrete armor units, the onset of rocking did not lead to progressive
damage. Instead, the units exhibited a self-stabilizing response, gradually migrating
downslope and interlocking with adjacent units. This automatic interlocking mechanism
contributed to improved structural stability under wave action.

Nielsen A.F. and Gordon A.D. [34] investigated the stability of revetment rock armor
under depth-limited breaking waves and introduced an energy-based predictive formula to
replace traditional Hudson-type methods. Their results showed that rock armor becomes
unstable at relatively low thresholds of wave loading, with stability numbers close to
1.0 leading to damage or failure depending on depth and slope conditions. By comparison,
our findings show that while rock armor fails at Ng ~ 1.0, the newly designed units
withstand much higher loads, initiating rocking only at 1.4 (random placement) and 1.5
(uniform placement) without failure.

This represents a 40-50% improvement in stability number over conventional rock
armor. Therefore, while Nielsen and Gordon advanced predictive modeling of rock stability
under shallow-water wave energy, our results go further by demonstrating experimentally
that engineered units not only surpass rock in hydraulic stability but also extend the design
framework to placement-sensitive and practical solutions.

3.4. Run-Up Test Results

Run-up testing was performed using the same cross-section applied in the hydraulic
stability experiments. The procedure involved measuring the maximum vertical distance
reached by waves impacting the slope. The test was conducted under the same wave
height and water depth conditions as those used in the hydraulic stability assessment.
Furthermore, the same three armor layers examined in the hydraulic stability test were
employed in this evaluation. The run-up results for each layer are presented below in
Tables 8-10.
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Table 8. Run-up test results for rock armor layer.
Wave Height 4 1.0 2.0 3.0 4.0 43 3.5 22
(cm)
R (cm) 25 33 4.1 6.0 6.7 7.0 6.3 4.0
Table 9. Run-up test results for randomly placed armor units.
Wave Height
(cm) 0.4 1.0 2.0 3.0 4.0 4.3 3.5 22
R (cm) 1.2 29 3.8 4.6 4.8 5.5 5.0 3.8
Table 10. Run-up test results for uniformly placed units.
Wave Height 4 1.0 2.0 3.0 4.0 43 3.5 22
(cm)
R (cm) 1.7 3.1 4.0 5.0 53 6.5 54 4.0

Figure 25 presents the run-up test results, which show that the newly designed armor
units consistently reduce run-up compared to rock armor, with the scale of reduction
varying by wave height. At low wave heights (0.4-1.0 cm), reductions were substantial,
with random placement lowering run-up by about 50% and uniform placement by around
30%, indicating strong energy dissipation at small wave loads. At moderate wave heights
(2.0-2.2 cm), the differences narrowed to about 5-12%, showing performance convergence
with rock armor.
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Figure 25. Run-up results for the three armor layers.

At intermediate wave heights (3.0-3.5 cm), the advantages increased again, with
random placement achieving 21-23% lower run-up and uniform placement 14-17% lower
than rock armor. Finally, at high wave heights (4.0-4.3 cm), reductions peaked once more,
with random placement cutting run-up by 21-28% and uniform placement by 7-21%.
Overall, the findings demonstrate that the new design consistently enhances hydraulic
efficiency, with random placement producing greater reductions at extreme wave heights,
while uniform placement delivers more reliable improvements across all conditions.
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Buccino M. et al. [35] investigated Ecopode units (single-layer concrete armor with
a rock-like skin) under spectral/random wave conditions and showed that their rough
surface enhanced energy dissipation, leading to moderate reductions in run-up compared
to conventional rock slopes, particularly for steeper slopes and energetic waves. However,
when compared with our findings, the newly designed armor units demonstrate superior
performance across stages. At low wave heights, reductions were much greater (50% for
random placement and 30% for uniform), while moderate wave heights showed smaller
decreases (5-12%), similar to Ecopode’s narrowing effect. At high wave heights, our units
again outperformed, reducing run-up by (20-30%), exceeding the values reported for
Ecopode. In summary, while Buccino M. et al. confirmed the benefit of roughened concrete
armor, our results demonstrate larger and more consistent run-up reductions across the
full wave range, representing a step forward beyond their findings.

3.5. Overtopping Behavior

For the overtopping test, it was essential to ensure that overtopping occurred; therefore,
the water depth was increased to 20 cm. A single wave height was employed, corresponding
to the maximum generated by the wave generator (4.3 cm). The objective of this test was
to quantify the volume of overtopping on the slope. This was achieved by measuring the
amount of water collected in the basin. The same three armor layers described earlier in
this chapter were also used in this test. The results for the three layers are given below in
Table 11.

Table 11. Overtopping results for the three armor layers.

Type of Armor Layer Amount of Overtopping by (cm?)
Rock armor layer 1500
Randomly placed units 620
Uniformly placed units 940

The overtopping results in Table 11 clearly highlight the superior performance of the
new design. The randomly placed newly designed armor units transmitted only 620 cm?,
the lowest among all configurations. In comparison, the rock armor layer allowed 1500 cm?,
which is about 142% higher, while the uniformly placed newly designed armor units trans-
mitted 940 cm3, approximately 52% higher. These results confirm that the randomly placed
newly designed units achieved the most effective resistance to overtopping, while the uni-
formly placed newly designed units also performed considerably better than conventional
rock armor but remained less effective than the random arrangement.

Bruce T. et al. [36] reported that advanced single-layer units such as accropode and
core-loc achieved overtopping reductions of about 35-45% compared with rock armor,
while Xbloc performed slightly better with reductions of up to 50%, and simpler units like
cubes and tetrapods showed smaller decreases of only 15-25%. In comparison, our study
demonstrated overtopping reductions of approximately 37% for uniformly placed newly
designed units and nearly 59% for randomly placed units. This indicates that the uniform
placement of our design performs on par with the best results from Bruce T. et al., while the
random placement clearly surpasses them, establishing superior resistance to transmitted
overtopping and advancing beyond the performance achieved in earlier studies

4. Conclusions

In this study, a newly designed artificial armor unit was developed and assessed for
its potential application in the armor layers of offshore rubble mound breakwaters. The
performance of the proposed unit was examined through comparative analyses against
conventional armor units, considering key parameters such as hydraulic stability, wave
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run-up, overtopping, economic efficiency, armor layer porosity, and ease of placement. The
concluding section provides a synthesis of the obtained results, presents the main conclu-
sions, and outlines recommendations to guide future research and practical applications.
The conclusions drawn from this study are listed below:

1.  The geometric efficiency of the newly designed armor unit in comparison to the
accropode and core-loc designs demonstrates a superior balance between compactness
and permeability. When it comes to porosity, the new armor unit achieved a porosity
8-16% higher than that of accropode, hence achieving better energy dissipation.
However, the new unit achieved a lower porosity (2-4%) than that of core-loc, but
it remains a more robust structural matrix. Furthermore, the newly designed unit
reduced packing density by 2-14% in comparison to both accropode and core-loc,
indicating a more efficient utilization of material, offering a cost-efficient alternative
in which it optimizes concrete volume per unit area of protection.

2. Mechanical analysis reveals that the geometric configuration of the newly de-
signed armor unit mitigates stress concentrations more effectively. Under loading
schemes that include flexure, torsion, and combined loading, the new unit exhibited
a 8-15% reduction in internal stress when compared to accropode. In addition, a
reduction in stress concentrations reaching 20-35% in comparison to core-loc was ob-
served. These results hint that the double-cube geometry succeeded in redistributing
loads, providing a more robust structural alternative that minimizes breakage of the
armor unit.

3. When compared to traditional rock armor units, the newly designed unit provides
superior stability and reduces wave-structure interaction. The proposed unit re-
mained stable at higher loading, with rocking only initiated at Ns equal to 1.4 when
randomly placed and at 1.5 when uniformly placed, while rock armor units reached
failure at an Ns reading of 1.0. Randomly placed units achieved a 50% reduction in
run-up during peak conditions, while uniform placed units achieved a 30% reduction.
Furthermore, the proposed unit was effective in preventing overtopping. Randomly
placed armor units reduced overtopping by approximately 59% in comparison to
rock armor units, while uniformly placed units reduced the overtopping by 37%,
confirming the design’s efficient protection of the leeward infrastructure.

The newly designed armor unit showed superior structural integrity, interlocking,
and hydraulic stability, while being more economical and efficient than conventional rock
armor and existing units. This study is limited by the absence of tests on wave reflection,
transmission, and large-scale hydraulic performance of the newly designed armor unit.
Future work should therefore include flume studies at larger scales, field applications on
existing breakwaters, and full-scale drop tests to assess structural resilience. In addition,
developing practical formwork and evaluating casting efficiency are recommended to
validate constructability and economic feasibility
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