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This paper presents the first consolidated hydraulic design recommendations for the Coastalock™ armour unit,
an eco-engineered single-layer armour system. Based on 306 individual sea-state test runs from four independent
physical modelling campaigns conducted at the National Research Council Canada (NRC) and at Delft University
of Technology (TU Delft), this study establishes a consolidated empirical basis for design. Hydraulic performance
was expressed in terms of the stability number (N;) and the Hudson coefficient (Kp) for both permeable and
impermeable cores with 2V:3H and 1V:2H slopes. The best-performing configuration (for a 2V:3H slope) con-
sisted of protruded Coastalock units at 22.5% spacing on a permeable core; the resulting preliminary design
values were Ng~ 2.8 and Kp = 15, which fall within the range reported for established single-layer systems such
as Core-Loc™, Xbloc™, Accropode II™, and Cubipod®. Armour unit spacing (defined as the intentional lateral
gap between adjacent units expressed relative to the nominal armour diameter) and underlayer sizing were
identified as the main effective parameters for hydraulic stability. The best performance for the tested config-
urations was observed for underlayer-to-armour layer nominal diameter ratios between 0.25 and 0.34, inter-
preted within the tested spacing, core permeability, and placement conditions. Overtopping analysis, calibrated
against EurOtop formulas, produced yf values primarily between 0.65 and 0.70, reflecting the overtopping
characteristics of Coastalock. Ecological monitoring is acknowledged as design context, as the unit cavities can
function as water-retaining tidal pools and shaded refuges; however, the recommendations presented here are
focused on hydraulic stability, overtopping, underlayer response, and toe/rear side response observations. These
findings indicate that Coastalock has potential as a dual-purpose single-layer armour unit. The recommendations
based on the tested structural configurations and hydraulic conditions provide a research-based framework for
preliminary hydraulic design of single-layer eco-engineered Coastalock armour units.

dissipating incident wave energy and maintaining stability under
extreme loading conditions. However, the escalating pressures of

1. Introduction

The design of coastal protection structures has traditionally focused
on providing reliable resistance against wave attack and storm surge,
with rubble mound breakwaters and revetments forming the basis of
modern shoreline defence systems. These structures are effective in
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climate change, evolving environmental standards, and coastal urbani-
zation have amplified the demand for resilient and adaptable coastal
defence systems, requiring innovative approaches that balance hy-
draulic stability, constructability, and long-term sustainability (Hinkel
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et al., 2014; Morris et al., 2020).

Concrete armour units are fundamental to rubble mound breakwater
design because they provide high hydraulic stability while limiting
material use. Modern proprietary single-layer systems such as Core-
Loc™, Xbloc®, XblocPlus®, Accropode II'™, and Cubipod® are sup-
ported by design manuals that define placement rules, stability co-
efficients, hydraulic performance parameters, and construction
tolerances (USACE, 2002; Medina and Gomez-Martin, 2016; CLI, 2023;
DMC, 2023).

Eco-engineering strategies have increasingly introduced surface
texturing, cavities, tidal pools, and bio-enhancing concrete mixes into
coastal protection elements to improve habitat heterogeneity while
retaining hydraulic function (Browne and Chapman, 2011; Sella and
Perkol-Finkel, 2015; Sella et al., 2022). For armour systems, these
ecological features should be treated as geometric and material modi-
fications whose hydraulic implications require direct testing.

The Coastalock armour unit was developed in 2021 to combine
modern single-layer hydraulic performance with ecological design fea-
tures. Its interlocking geometry supports regular placement, while in-
tegrated cavities and textured surfaces provide shaded, moisture-
retaining microhabitats across tidal elevations (Sella and
Perkol-Finkel, 2015; Gutiérrez Martinez et al., 2023).

Since its development, Coastalock has been tested in several physical
modelling campaigns. Molenkamp (2022) examined impermeable-core
revetments; Fawniczak (2024) investigated permeable rubble mound
slopes with variations in spacing, underlayer support, toe support,
protrusions, and unit orientation; Sayar et al. (2025) tested low-crested
and emergent RMBWSs, with complementary experimental-numerical
assessment of wave transmission and overtopping provided by Sayar
et al. (2026); and Baker et al. (2023) evaluated milder-slope imperme-
able-core revetments. Together, these studies provide the basis for the
consolidated analysis presented here.

Unlike established proprietary systems such as Core-Loc, Xbloc,
Accropode II, and Cubipod (which are supported by detailed design
manuals defining stability numbers, Hudson coefficients, and over-
topping roughness factors), Coastalock currently lacks consolidated
design recommendations for engineering applications. The absence of
such guidance creates uncertainty for designers, as results from existing
experimental studies remain scattered across different configurations
and test conditions. Developing a unified preliminary hydraulic design
framework is therefore essential to support the use of Coastalock in
practical projects.

This study aims to develop the first consolidated set of preliminary
hydraulic design recommendations for the ecologically engineered (eco-
engineered) Coastalock single-layer armour unit, integrating findings
from multi-institutional two-dimensional physical modelling cam-
paigns. By systematically analyzing hydraulic stability numbers (Nj),
Hudson coefficients (Kp), overtopping roughness factors (ys), toe and
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rear side stability response, and underlayer-to-armour size ratios, the
paper derives data-supported design recommendations that extend
existing rubble mound design practice to Coastalock configurations. The
paper focuses on tested trunk-section configurations and hydraulic
recommendations directly supported by the available physical model
data. Ecological functionality is considered as design context for the
unit, while detailed biological performance is not analyzed in the pre-
sent paper focused on hydraulic performance.

2. Background and design parameters
2.1. Coastalock development and prior studies

The Coastalock armour unit (Fig. 1A) was specifically developed to
combine hydraulic performance with ecological functionality and reg-
ular placement by integrating geometric and material innovations into a
single-layer armour element. Its geometry enables regular placement at
controlled lateral spacings, as illustrated by the field placement shown
in Fig. 1B. Unit spacing refers to the intentional lateral gap between
adjacent Coastalock units, expressed in this study relative to the nominal
armour diameter as defined in Section 3.1. This spacing governs the
porosity of the armour layer, influencing internal flow penetration,
uplift pressures, and interlocking performance. Although placement
density can vary for many single-layer armour units within recom-
mended limits, spacing was treated as a primary and systematically
varied design parameter in the Coastalock experimental program. While
the cavity volume of individual Coastalock units is fixed and indepen-
dent of spacing, increased spacing may also increase the exposed inter-
unit void area within the armour layer, which is relevant to both hy-
draulic porosity and habitat availability. In addition, larger spacing re-
duces the total number of units required, thereby decreasing concrete
consumption for a given design condition.

Distinct from conventional systems, Coastalock incorporates a cavity
in the centre of the unit that can be placed with different orientations
(cavity upward, sideways, and downward), creating multiple habitat
features: water-retaining niches, caves, overhangs, and shaded refuges
across tidal elevations, which aim to support colonization by diverse
marine organisms at different life stages (Fig. 1C). In addition, the unit is
cast using a bio-enhancing concrete formulation and incorporates micro-
textured surfaces that improve larval settlement and long-term adhesion
(Sella and Perkol-Finkel, 2015; Gutiérrez Martinez et al., 2023). These
combined features position Coastalock as an eco-engineered alternative
intended to address both hydraulic and ecological performance
objectives.

Field monitoring from the Living Ports installation at the Port of Vigo
provides prototype-scale context for the Coastalock geometry. The
project included 100 Coastalock units with an individual volume of
1.42m? placed in the regular sloped arrangement shown in Fig. 2D;

Fig. 1. Coastalock unit geometry and field-scale appearance: (A) unit geometry highlighting ecological cavities; (B) installed Coastalock units at the Port of Vigo,
Spain; and (C) installed units after one year of exposure, showing biological growth on the unit surfaces.
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Coastalock
Units

TOP VIEW

Fig. 2. Field application of Coastalock units at the Port of Vigo, Spain: (A) aerial view of the sloped protection showing the Coastalock installation area and adjacent
control riprap; (B) Coastalock units after demoulding; (C) Coastalock units after installation on the sloped protection; and (D) front and plan views of the installed
Coastalock arrangement. Dimensions are in metres. Units and control riprap are indicated in the figure.

biological observations are retained only as context for the eco-
engineered unit concept (ECOncrete, 2024).

While field applications enable gathering the prototype scale ob-
servations and biological data, experimental campaigns have examined
Coastalock performance across a wide range of structural and hydraulic
conditions, including impermeable-core revetments (Molenkamp, 2022)
and permeable-core revetments (Lawniczak, 2024) in deeper water with
unit spacing, protrusion, and orientation variations, emergent RMBWs
with hydraulic stability and performance outcomes (Sayar et al., 2024),
and milder-slope revetments with an impermeable core under diverse
wave conditions (Baker et al., 2023).

2.2. Eco-engineering in coastal structures

Eco-engineering strategies for coastal infrastructure have been
increasingly adopted to reduce biodiversity loss associated with con-
ventional hard coastal protection systems (Moschella et al., 2005; Firth
et al, 2016; Strain et al., 2018). These strategies include surface
texturing, artificial rock pools, ecological cavities, bio-enhancing con-
crete formulations, and other geometry-based modifications that in-
crease habitat heterogeneity compared with smooth concrete or
conventional armour rock (Browne and Chapman, 2011; Sella and
Perkol-Finkel, 2015; Hall et al., 2018; Morris et al., 2020).

Surface protrusions on revetments are a well-established means of
reducing overtopping on dike revetments, as reflected in the roughness
factors presented in the (EurOtop, 2018) . In a flume experiment focused
on vertical walls, surface protrusions reduced mean overtopping rates by
increasing roughness (Salauddin et al., 2021). However, most studies
provide limited evidence regarding stability impacts on rubble mound or
armour units placed on steep slopes, and many authors mention that any
hydraulic benefit depends heavily on geometry, wave regime, and
placement configuration (Salauddin et al., 2021; Perricone et al., 2023).
Therefore, while surface enhancements may be hydraulically promising,
their influence must be evaluated case by case rather than assumed to be
universally beneficial. For Coastalock, this reinforces the need to inter-
pret ecological features, protrusions, and placement arrangements as

tested geometric variables whose hydraulic implications are evaluated
from physical model data.

2.3. Design parameters in established armour unit guidelines

Design manuals for proprietary armour units provide engineers with
explicit stability numbers (N;), Hudson coefficients (Kp) (defined in
Section 3.3), and overtopping roughness factors (yy) (defined in Section
3.5) derived from systematic physical model studies.

The hydraulic stability of armour layers is generally described in
terms of either Kp or Ny (USACE, 1984; USACE, 2002). Historically,
Hudson's formula (Hudson, 1959), which assumes regular wave condi-
tions, provided a simple way to determine the required armour unit
weight without incorporating the effects of parameters such as wave
steepness, storm duration, or structure permeability. As a result, its
direct applicability to interlocking single-layer armour systems is
limited, and Kp values for such systems are generally used as compar-
ative design parameters rather than as the primary basis for stability
assessment. Therefore, reported Hudson coefficients (Kp) for such sys-
tems are often presented for comparison purposes only. Recommended
Hudson coefficients vary widely by unit type, placement, and slope
steepness application. For quarried rock in non-breaking waves, typical
values are Kp ~ 3-4, whereas double-layer concrete shapes such as cubes
or Tetrapods achieve Kp values around 6-8 (USACE, 1984; Ciria and
Cetmef, 2007).

Van der Meer (1988) extended these approaches to irregular wave
conditions and variable damage levels, showing that stability of rock
slopes decreases with wave steepness and storm duration, while a
limited degree of damage may be acceptable for double-layer armours.
For single-layer interlocking units (such as Accropode, Core-Loc, and
Xbloc), the recommended design practice allows no damage (i.e., no
large unit displacements or extractions) at the design wave height
because these systems often exhibit brittle damage behaviour, where the
initial extraction of one unit can rapidly lead to progressive damage. In
physical model testing of such interlocking systems, stability criteria
typically distinguish between acceptable rocking motion and
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Table 1
Typical hydraulic design constants for rock slopes and established armour units.

Type of armour Design stability Hudson Overtopping

unit number (Ny) coefficient (Kp) roughness factor (y5)

Accropode 11 2.5 ¢ 12 0.46

Core-Loc 2.8 ¢ 16 0.44

Cube 2.2 7 0.47

Cubipod 2.5 P 12 0.47

Dolos (double 2.5 ¢ 12 0.43
layer)

Tetrapod 2.2 4 7 0.38
(double layer)

Xbloc 2.8 ¢ 13 0.44

XblocPlus 2.5 *¢ 12 0.45

? Design N, corresponding Kp and yy for a 3V:4H slope.
b Design N;, corresponding Kp and 7 for a 2V:3H slope.
¢ No-damage condition.

4 Initial-damage condition.

unacceptable unit displacement or extraction. Manufacturers commonly
impose limits on allowable rocking during testing to prevent unit
breakage, as excessive rocking may precede structural damage of the
unit itself or progressive layer destabilization. Thus, the “no damage”
condition refers to the absence of significant displacement or extraction
of armour units, while limited rocking may still occur. Consequently, the
design N; for single-layer systems are typically in the range of Nj
=2.4-2.8, corresponding to Kp of 12-16 (for the 2:3 or 3:4 slopes
applied), depending on slope steepness and placement density (Melby
and Turk, 1997; Bakker et al., 2003; Reedijk and Muttray, 2009).

Another important parameter for design is the roughness factor y¢
used in overtopping assessments (EurOtop, 2018). Rough, porous ar-
mour layers reduce wave run-up and overtopping by increasing turbu-
lence and energy dissipation. Typical y¢ values are about 0.40 for rock
armour in a double layer and 0.44-0.47 for most single-layer armour
units (Bruce et al., 2009). Since higher yf values correspond to less
overtopping reduction, the roughness factor provides a direct basis for
comparing overtopping performance among armour types.

Table 1 summarizes representative design parameters for conven-
tional and proprietary armour units. The N; and K values correspond to
preliminary design conditions for breakwater trunk sections under
breaking waves (USACE, 1984; van der Meer, 1988; USACE, 2002; Ciria
and Cetmef, 2007; Bruce et al., 2009; Reedijk and Muttray, 2009;
Medina and Gémez-Martin, 2016; CLI, 2023; DMC, 2023), and the y¢
values are roughness factors from the (EurOtop, 2018).

2.4. Research gaps and study objectives

The available literature on Coastalock has provided important in-
sights into hydraulic stability, unit spacing effects, underlayer re-
quirements, and overtopping performance across different structural
configurations. However, these findings are dispersed among separate
studies and have not yet been unified into a consolidated basis for pre-
liminary hydraulic design. Conventional single-layer units such as
Accropode II, Xbloc and XblocPlus, Cubipod, and Core-Loc are sup-
ported by well-established guidelines that provide explicit stability
numbers, design equations for armour sizing, and clear recommenda-
tions on underlayer size and overtopping protection (USACE, 2002;
Medina and Gomez-Martin, 2016; CLI, 2023; DMC, 2023).

Currently, several Coastalock applications (European Commission,
2023; ECOncrete, 2023, 2024) have been implemented at the Port of
San Diego (USA), the Port of Vigo (Spain), the Port of Bilbao (Spain), and
the Port of Prince Rupert (Canada), with a standard unit size (1.42 mg),
while a bigger unit size (2m?®) was used for more challenging climatic
conditions in Monaco. For Coastalock, no comparable set of
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design-oriented recommendations exists, leaving practitioners uncertain
about how to transform experimental results into engineering guide-
lines. This limits the ability of designers to select unit spacing, under-
layer support, overtopping roughness factors, and toe configurations
using a consistent hydraulic basis.

Accordingly, the objective of this study is to synthesize the available
two-dimensional physical model results to derive preliminary hydraulic
design recommendations for armour-layer stability, underlayer config-
uration, overtopping performance, and toe and rear-side response. The
study does not attempt to provide a universal design manual for all
Coastalock applications, but rather an interpretation of the available
physical model evidence. The analysis focuses on tested trunk-section
configurations and distinguishes between tested hydraulic behaviour,
conservative interpretation of the available data, and applications
requiring additional physical model verification, while ecological
functionality is retained as part of the Coastalock design context.

3. Materials and methods
3.1. Summary of coastalock experiment datasets

This study relies on the synthesis of experimental results collected
across multiple institutions to establish a consolidated empirical basis
for preliminary hydraulic design recommendations for Coastalock. Four
experimental campaigns conducted at Delft University of Technology
(TU Delft) (Molenkamp, 2022; Fawniczak, 2024) and the National
Research Council Canada (NRC) (Baker et al., 2023; Sayar et al., 2025),
provide the most comprehensive dataset currently available and serve as
the empirical basis for the hydraulic performance and analyses pre-
sented in this paper. The structural layouts tested in these campaigns are
illustrated in Fig. 3, while the corresponding hydraulic and geometric
parameters are summarized in Table 2.

The experimental campaigns tested a variety of structural configu-
rations representative of conventional rubble mound coastal structures.
These included revetment slopes of 2V:3H (as shown in Fig. 3A, B and
3C) and 1V:2H (in Fig. 3E), as well as an emergent RMBW (in Fig. 3D)
with a 2V:3H front and rear slope. The test sections differed in the
presence or absence of a foreshore, water depth, slope steepness, toe
configuration, underlayer grading and thickness, core permeability,
crest elevation and material, and armour unit spacing and orientation,
which provide a diverse basis for assessing the hydraulic stability and
performance of Coastalock units under multiple design conditions.
Although additional experiments on submerged breakwater configura-
tions were performed as part of Sayar, 2026, these are intentionally
excluded from the present synthesis, which focuses on emergent
structures.

Different Coastalock unit orientations were adopted across the
experimental programs to investigate how cavity position and regular
placement influence hydraulic stability. The San Diego arrangement
denotes a mixed placement with sideward cavities below the low-water
level and forward-facing cavities in the upper rows. Cavity-sideways and
cavity-forwards arrangements isolate each of these orientations,
respectively, while cavity-downwards refers to placement with the
cavity opening directed toward the underlayer. PO-SWL and PO-
Midpoint refer to protruded-unit arrangements positioned relative to
the still-water level and the vertical midpoint of the armour layer,
respectively. The cavity-forward orientation relative to the still-water
level is illustrated in Fig. 4 as an example of the vertical placement
convention used in the dataset.

Armour unit spacing, S, was defined as the intentional lateral gap
between adjacent units, expressed relative to the nominal armour
diameter (Dp c). It was calculated from the measured horizontal centre-
to-centre distance between adjacent units, d.., as shown in Equation (1):

dcc - Dn,CL

n,CL

S(%) = x 100 @
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A specific feature in fawniczak (2024) was the inclusion of pro-
trusions (refer to Fig. 5) in the armour units tested to enforce the unit
spacing as for 10% and 22.5% spacing. These protrusions are small ex-
tensions integrated into the Coastalock geometry to maintain the target
gap between adjacent units, support interlocking, and reduce local
migration of underlayer material under wave loading. Because pro-
trusions modify both spacing and unit geometry, the 10% and 22.5%
protruded configurations were treated separately from standard
Coastalock configurations in the stability interpretation.

As summarized in Table 2, the dataset covers stability numbers
approximately within the range N;=0.49-4.66 and relative wave
heights (H;/h) =~ 0.03-0.90, indicating coverage from low loading to
design-level conditions with a range of wave steepness (S,y) values
(1.7%-6.6%), variable crest geometries, and different underlayer and
toe arrangements. The four campaigns were based on the same
Coastalock unit concept and broadly comparable rubble mound geom-
etries, although they differed in scale, flume facility, core type, slope, toe
configuration, and hydraulic loading. The merged dataset consists of
individual sea-state test runs grouped into test series corresponding to
fixed structural configurations subjected to successive sea states.
Although the dataset covers a broad range of wave heights, wave
steepness values, underlayer sizes, and unit spacings, the variables are
not uniformly distributed across all configurations. Therefore, the
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analysis supports configuration-specific interpretation rather than a
fully general multivariate stability formula. Stability numbers were
calculated using the test-specific Coastalock unit density and water
density reported in Supplementary Table S1-0 and S1-D. Table 2 pre-
sents study-level prototype-scale parameters for comparison; however,
the stability number (N) was used as the scale-consistent dimensionless
parameter for cross-campaign comparisons.

3.2. Database structure and test-run classification

In the consolidated database, a test run is defined as one hydraulic
sea state applied to a fixed structural configuration. A test series is
defined as a sequence of sea states applied to the same structural
configuration, typically with increasing wave height, until armour
damage, a predefined limiting condition, or the maximum wave-
generation capacity of the facility was reached. The 306 entries used
in this study therefore represent individual sea-state test runs grouped
within a smaller number of test series, rather than 306 statistically in-
dependent stability tests.

The database was organized by test series and by individual sea state.
For each entry, the available structural, hydraulic, armour-layer,
underlayer, toe, and response variables were compiled to support
comparison among the four experimental campaigns. The variables

8.98 m

Coaslalock

Underlayer

11,87 m

22,44 m

Deep water
"foreshore”

Crest protection

74m
1.87m
~__—— Stone beam

Coastalock

8.98 m

11.97 m

2244 m

5—20 kg rocks

Core X, Leeward toe —

Fig. 3. Structural configurations (prototype scale) tested in Coastalock studies: (A) Molenkamp (2022), (B) structure without toe in Lawniczak (2024), (C) structure

with toe in Lawniczak (2024), (D) Sayar et al. (2025) and (E) Baker et al. (2023).
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Fig. 3. (continued).

retained for the analysis are summarized in Table 3. Supplementary
Table S1 provides the consolidated database, including the
Molenkamp (2022), Baker et al. (2023), Lawniczak (2024), and Sayar
et al. (2025) test runs. In this analysis, H; is used as the general nota-
tion for significant wave height, while Hy,o is retained in tables and
figures where spectral significant wave height was reported directly by
the original datasets.

3.3. Hydraulic stability analysis

The hydraulic stability of single-layer armour units was evaluated
using the stability number (Nj), a non-dimensional index widely applied
in rubble mound armour design and closely related to Hudson-type ar-
mour stability formulations. N; is defined in Equation (2) as

H

= 2
A Dn,CL ( )

N;

where H; is the incident significant wave height, Dy ¢z is the nominal
diameter of the armour unit, and 4 is the relative submerged density

A= % 71) with pcy, denoting the Coastalock unit density used for the

corresponding test and p,, the water density. The N; expresses the ratio
between the applied wave loading and the resisting weight of the unit.
This formula provides a direct comparison of armour performance
across scales and configurations and serves as the reference parameter
for subsequent design recommendations.

To establish design-relevant stability limits, Ny was calculated for
each test run regardless of the instability occurrence using the measured
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Coastal Engineering 213 (2027) 105143

Summary of key structural and hydraulic parameters for Coastalock physical model studies in the literature presented at prototype scale (PT refers to Coastalock units

with protrusions).

Parameter/Study Molenkamp (2022) Lawniczak (2024) Sayar et al. (2025) Baker et al. (2023)
Scale 1/37.5 1/37.5 1/15 1/15
Breakwater type Revetment Revetment Emergent RMBW Revetment
Front slope 2V:3H 2V:3H 2V:3H 1V:2H
Significant wave height (H;) 0.71-6.39m 2.44 - 6.14m 1.31-6.58m 1.79-4.18m
Corresponding stability number (N;) 0.49 - 4.42 1.68 - 4.19 0.93 - 4.66 0.98 - 2.30
Wave steepness (s,p) 2% — 6% 1.7% - 4.1% 3.1% - 6.5% 3.5% — 6%
Coastalock volume (m?) 1.42m? 1.42m? 1.42m* 1.42m?
Model Coastalock volume (cm®) 26.9 cm® 26.9 cm® 420.7 cm® 420.7 cm®
Nominal Coastalock density 2400 kg/m* 2400 kg/m* 2400 kg/m* 2400 kg/m*
Coastalock unit mass 3410kg 3410kg 3410kg 3410kg
Coastalock nominal diameter, D, ¢, 1.124m 1.124m 1.124m 1.124m

(m)
Model Coastalock nominal diameter, 0.030 m 0.030 m 0.075m 0.075m

(m)
Armour layer thickness 1.25m 1.25m 1.25m 1.25m
Armour unit spacing 0%, 5%, 7.5%, 10%, 15%, 20%, 0%, 10% (PT), 20%, 22.5% (PT) 10% 10%

25%

Underlayer material diameter (Dys0, 0/0.31m 0.27m 0.37m 0.46m

UL)
dnso,u/Dn,cL 0/0.278 0.249 0.333 0.414

Underlayer thickness

0.50 m (2 layers), 0.85m (~3
layers)

0.60 m (2 layers)

0.87 m (~2 layers)

0.77 m (~2 layers)

Structure height 31.5m 31.5m 12.6 m 8.5m

Crest width Om 5.61m 4.5m 4.0m

Water depth at toe 22.4m 22.4m 4.5m, 6.0m, 7.5m, 9.0m, 4.0m, 5.2m, 5.5m
10.5m

Core type Impermeable Permeable Permeable Impermeable

Unit orientation

San Diego, Cavity Sideways,
Forwards

San Diego, PO-SWL and Midpoint,
Forwards

Cavity Forwards

Cavity Forwards

Coastalock unit design Standard Standard and CL with protrusions Standard Standard
Toe height No toe No toe/2.21 m 0.75m 1.15m
Toe width No toe No toe/3.30 m 2.25m (3xDy50 wide) 2.30 m (2xDy50

wide)

significant wave height, armour unit size, and relative density. These
values were then matched with the observed response category to
determine the range of N; associated with the onset of failure, defined
here as visible armour unit displacement or extraction exceeding the
stability criteria adopted in each experimental campaign. Rocking and
breathing mechanisms (defined by f.awniczak, 2024) were retained as
intermediate response modes, while displacement or extraction of ar-
mour units was treated as armour-layer instability. Toe-related failures
were identified separately because they do not represent direct hy-
draulic instability of the Coastalock armour layer alone.

Since stability was recorded as a binary outcome, the exact critical
condition cannot be observed directly but is constrained between
consecutive test conditions. This is consistent with the discrete defini-
tion of damage levels in physical modelling, where continuous damage
evolution is represented by threshold-based criteria (e.g., Vidal et al.,
1991). Following common laboratory practice for threshold-type phe-
nomena, the critical condition was therefore identified by interpolating
stability numbers between the highest stable and lowest unstable runs.
Where failure was not reached during a test series, the highest stable Ng
was interpreted as a lower-bound estimate of the critical stability
number rather than as the actual failure threshold. This provides a single

representative threshold consistent with stability limits derived from
discrete experimental observations and damage-based design ap-
proaches (van der Meer, 1988; CIRIA and CETMEF, 2007), and com-
parable to the deterministic stability numbers of Hudson (1959) and van
der Meer (1988).

In line with the objective of proposing a baseline design configura-
tion for practical applications, the stability analysis focused on tests of
both permeable and impermeable core sections. For each configuration,
the critical N5 was used to calculate the corresponding Kp through the
classical Hudson (1959) relationship, as shown in Equations (3) and (4):

__nHS @)
KpA® cot 0
N3
Kp=—2052 4
P cot 0 Q)

where W is the armour unit weight, v, is the unit weight of the armour
material, o is the slope angle, and Kp is the Hudson stability coefficient.
The Kp values are reported only as design-comparison parameters
because the stability assessment itself is based on irregular-wave phys-
ical model results expressed through Nj.
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Fig. 4. Vertical arrangement of Coastalock armour units on a slope in a cavity-
forward orientation relative to the still water level (SWL).

In line with conventional practice in rubble mound armour design, a
safety factor is typically applied to laboratory-derived N to account for
prototype uncertainties related to wave climate, construction toler-
ances, and scale effects (USACE, 2002; CIRIA and CETMEF, 2007).
Considering these established recommendations and recognizing the
distinctive geometry, placement precision, and interlocking mechanism
of the Coastalock unit, a global safety factor of 1.5 was applied to the
experimentally determined critical N values to account for experi-
mental scatter, scale effects, and the limited number of observations.
When only a lower-bound critical value was available because no failure
occurred, the same safety factor was applied to the highest tested N,
leading to a conservative design value within the tested range.

As an additional consistency check, lower-tail statistical estimates
were considered for subsets containing comparable configurations and
sufficient independent observations. These estimates were used only to
assess whether the selected safety-factor-based design values were
broadly consistent with the lower range of observed critical stability
numbers.
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Table 3
Variables retained in the consolidated Coastalock test-run database.

Category Variables retained in the database

Test identification Study, test series, test run ID, model scale

Section
characteristics

Structure type, core permeability, crest height, front slope,
water level at toe

Armour layer Armour unit type, spacing, protrusions, and unit orientation

Underlayer Dhnso,uL, underlayer thickness and Dyso,ur/Dn,cL
Sea-state Incident Hy,o at the structure toe, reflected Hy,, reflection
characteristics coefficient K;, peak period T,, mean period T, number of

waves, wave steepness o, incident wavelength L, test
duration

Armour instability observed, and mean overtopping
discharge (q)

Measured response

Stability number N, relative freeboard R./Hmo, and non-
dimensional overtopping discharge (q*)

Derived parameters

The statistical interpretation should be regarded as exploratory. The
individual sea-state test runs are grouped within a smaller number of
sequential test series and therefore cannot be treated as fully indepen-
dent stability observations. In addition, the consolidated dataset com-
bines different core types, slopes, unit spacings, orientations, toe
configurations, underlayer gradings, and laboratory scales. Therefore,
the statistical checks presented here are used only to assess the consis-
tency and conservatism of selected design values. They should not be
interpreted as a formal probabilistic stability calibration or as a pre-
dictive stability model for Coastalock armour layers.

3.4. Underlayer assessment

Since the interaction between the armour layer and its supporting
underlayer is fundamental to the performance of single-layer armour
systems, the experiments were analyzed with respect to the effect of the
underlayer-to-armour nominal diameter ratio (Dns50,ur/Dn,cr). This ratio
reflects the relative size of the supporting layer compared with the ar-
mour unit and is relevant to placement regularity, interlocking support,
underlayer deformation, and filter compatibility. For Coastalock, the
underlayer ratio was evaluated together with armour spacing, core
permeability, and observed underlayer deformation, rather than as an
independent design variable.

For the Coastalock dataset, cases were categorized into different
Dnso,ur/Dn,cr classes, which allowed the effect of underlayer sizing on N
to be systematically evaluated. Within each class, the associated stability
numbers were compared with observed response modes, including sta-
ble behaviour, rocking, breathing, underlayer deformation, armour
displacement or extraction, and toe-related instability where applicable.

Fig. 5. Coastalock armour units' geometry: (A) standard design, (B) design with protrusions for 10% spacing and (C) design with protrusions for 22.5% spacing.
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Table 4
Summary of toe berm configurations tested in Coastalock physical model studies.

Coastal Engineering 213 (2027) 105143

Study Toe rock D590 Prototype-scale toe rock Model-scale toe rock Prototype-scale grading/ Geometry Surface type beneath
(m) weight (kg) weight (kg) grading ratio the toe

Sayar et al. 0.72 506 0.150 340-680 kg 3 rocks wide, 2 rocks  Concrete seabed
(2025) high

Lawniczak 1.09 1817 0.235 dgs/d15=1.19 3 rocks wide, 2 rocks Glued rock (rough and
(2024) high smooth)

Baker et al. 1.42 3973 1.180 3000-5000 kg 2 rocks wide, 1 rock Concrete seabed
(2023) high

Table 5

Contextual comparison of tested toe-rock sizes and calculated toe-rock sizes using the van der Meer et al. (1996) toe-stability formula for the critical toe-related
conditions. (Hg: significant wave height, hy: vertical distance from the toe berm to the still water level, h: still water depth).

Study H; h; (m) h (m) Calculated Dys0, toe Calculated toe rock Tested toe rock Observed toe response
(m) (m) weight (kg) weight (kg)
Sayar et al. 6.58 7.80 9.00 0.58 268 506 Stable seaside toe; lee-side toe damage under
(2025) severe overtopping
Lawniczak 6.14 13.31 22.43  0.95 1206 1817 No toe failure observed
(2024)
Baker et al. 4.19 4.33 5.50 0.44 115 3973 No toe failure observed
(2023)

O Lawniczak (2024) - Stable
X Lawniczak (2024) - Unstable

Sayar et al. (2025) - Stable
Sayar et al. (2025) - Unstable
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Fig. 6. Stability number (N) distribution for Coastalock units placed on
permeable-core configurations with different armour-unit spacings. Each
marker represents one individual sea-state test run. Stable cases are shown with
hollow markers, while unstable cases are indicated with “x” markers. Stable
and unstable markers are shifted slightly in opposite horizontal directions for
visual clarity.

Because the tested underlayer ratios were not distributed uniformly
across all spacings, core types, and wave conditions, underlayer rec-
ommendations were interpreted within the specific combinations tested.

3.5. Overtopping analysis

Wave overtopping was analyzed by expressing the mean overtopping
discharge in non-dimensional form following (EurOtop, 2018). For each
test, the overtopping volumes collected behind the crest of the structure
were converted into a mean discharge per unit width, g. These values
were then normalized. The resulting non-dimensional overtopping

discharge is denoted as q", where ¢ = q/,/gH?. This normalization

allows direct comparison of the Coastalock measurements with empir-
ical EurOtop prediction curves and provides a consistent framework for
assessing overtopping performance.

The influence of the armour unit characteristics was incorporated by
calibrating the roughness factor (y;) against the (EurOtop, 2018) pre-
diction formula (presented here as Equation (5)) for mean overtopping
discharge. For the sloping structures considered in this study, the cali-
bration was performed using the EurOtop formulation relating
non-dimensional overtopping discharge to relative freeboard, slope ef-
fects, and reduction factors, with y¢ representing the roughness and
permeability effect of the Coastalock armour layer.

1.3
q—0.09><exp< (1.5R°> ) (5)
/g % H? H; x YixVp

Here, q is the mean overtopping discharge per unit width, R is the
crest freeboard, H; is the incident significant wave height, and y; rep-
resents the obliquity factor. The calibration employed a best-fit opti-
mization, in which y; was varied until the error between the measured
and predicted non-dimensional discharges was minimized. This
approach provided an objective means of identifying representative ys
values for Coastalock-armoured slopes, ensuring that the experimental
data could be consistently expressed within the standard EurOtop
methodology. Measured values below ¢° =5 x 1075 were treated as
negligible overtopping and excluded from the y; calibration.

3.6. Toe stability assessment

Because the stability of rubble mound armour is strongly related to
the design of the toe structure, this element was explicitly included in
the Coastalock analysis. Test cases were grouped according to their
structure's toe dimensions. The tested toe configurations are summa-
rized in Table 4, while the hydraulic conditions and calculated toe-rock
requirements for the most critical cases are summarized in Table 5. Since
the dataset contained a single case where instability was attributed to
toe failure, this condition was analyzed separately to better understand
its underlying causes. For the remaining stable cases, the tested toe rock
weights and configurations were systematically compared to the values
predicted by the van der Meer et al. (1996) toe stability formula, which
has become a standard reference in rubble mound toe design.
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Fig. 7. Stability number (N) distribution for standard Coastalock units placed
on impermeable-core revetment configurations. Each marker represents one
individual sea-state test run. Stable cases are shown with hollow markers, while
unstable cases are indicated with “x” markers. Stable and unstable markers are
shifted slightly in opposite horizontal directions for visual clarity.

Table 6

Critical or lower-bound stability numbers (N;) obtained from model tests for
San Diego or equivalent configurations, including Mid-Point configurations
for protruded Coastalock units (PC: permeable core, IC: impermeable core,
PT: Coastalock units with protrusions).

Armour unit spacing (%) Critical or lower-bound Ng

0 (PC) 1.87
0 (IC) 1.76
5 (IC) 2.36
7.5 (IC) 2.10
10 (PC-PT, Mid-Point) 3.64
10 (IC) 2.92
10 (PC) 3.39
15 (IC) 4.23
20 (PO) 3.81°
20 (I0) 4.15
22.5 (PC-PT) 4.19°
25 (I0) 4.08

@ Values reported for configurations without observed armour-layer failure
represent the maximum tested stable stability number and should be inter-
preted as lower-bound estimates of the critical stability number.

Table 7

Preliminary design stability number (N;) and corresponding Hudson stability
coefficient (Kp) for selected spacings (PC: permeable core, IC: impermeable core,
PT: Coastalock units with protrusions).

Spacing (%) Design N; Corresponding Kp
10 (PC-PT, Mid-Point) 2.43 9.51
10 (IC) 1.95 4.92
10 (PC) 2.26 7.68
22.5 (PC-PT) 2.79 14.55
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The van der Meer et al. (1996) toe-stability formula was applied as
shown in Equation (6):

Hs ht 27 o015
——=|(2+62 | — Noa
A x Dn50.t0e < * (h o

where Dns e is the nominal toe rock diameter, h; is the vertical dis-
tance from the top of the toe berm to the still-water level, h is the water
depth at the toe, and Nyq is the toe damage number. In the present
calculations and comparison, N,y = 2 was adopted to represent mod-
erate acceptable toe damage. For each tested configuration, the calcu-
lation was performed using the sea state that produced the largest toe-
stability demand, defined by the maximum tested incident wave
height combined with the corresponding toe submergence ratio hy/h.

The tested toe rock weights spanned a range of configurations, and
their differences from the calculated values highlighted the influence of
experimental design choices on observed performance. In several cases,
the tested toe material was heavier than the calculated minimum value
because the physical models were designed to maintain a stable toe
while evaluating the Coastalock armour layer response. This distinction
is important because toe-triggered instability can initiate armour-layer
damage without indicating direct instability of the Coastalock units
themselves.

(6)

4. Hydraulic performance and design interpretations
4.1. Hydraulic stability assessment

The consolidated dataset was examined to identify the primary pa-
rameters governing Coastalock stability across all tested configurations.
Particular attention was given to armour unit spacing, protrusions, core
permeability, underlayer grading, and observed armour-layer response,
which consistently influenced the onset of instability.

The stability numbers calculated from the consolidated dataset span
a broad range of conditions. The 10% and 22.5% spacing data from
FLawniczak (2024) shown in Fig. 6 corresponds to tests conducted with
Coastalock units with protrusions, whereas the remaining data in Fig. 6
and all data presented in Fig. 7 represent tests performed with the
standard Coastalock geometry.

Figs. 6 and 7 show that Coastalock stability response varied with
spacing, protrusions, core permeability, and placement configuration.
The permeable-core configurations generally showed reduced uplift-
related response compared with impermeable-core configurations,
particularly at low spacing, although this comparison should be inter-
preted within the tested combinations of spacing, underlayer, orienta-
tion, toe configuration, and wave conditions. The figures therefore
support configuration-specific analysis rather than an isolated compar-
ison of core permeability.

4.1.1. Standard coastalock design

The stability performance of the Coastalock armour layer was
expressed in terms of the stability number (Nj), following the conven-
tional approach used in RMBW design practice. The results revealed a
distinct threshold behaviour: stable configurations were maintained up
to moderate values of N;, whereas instability emerged once this limit
was exceeded, providing a clear benchmark for performance evaluation.
For test series in which no failure occurred, the maximum tested Ng was
interpreted as a lower-bound estimate of the critical stability condition
rather than as the exact failure threshold.

A consistent trend was observed between core type and hydraulic
response. For densely placed armour layers with unit spacing lower than
10%, permeable-core structures exhibited higher N (critical stability
number) than impermeable-core sections, indicating that increased
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Fig. 8. Stability number (Ny) versus underlayer to armour layer nominal diameter
ratio (Dnsg,yr/Dn,c1) for Coastalock units placed on permeable and impermeable
cores. Stable test cases are shown with hollow markers, while unstable cases are
indicated with crosses.

Table 8
Underlayer to armour unit nominal diameter ratio and hydraulic instability
occurrence (IC: Impermeable Core, PC: Permeable Core).

Dnso,u/ Number of test runs resulting ~ Total number of  Instability
Dpc in hydraulic instability test runs Occurrence (%)
0.000 2 11 18.2
1o
0.278 20 121 16.3
(9]
0.419 0 30 0
(o))
0.249 8 108 7.4
(PC)
0.339 2 36 5.6
(PC)

drainage capacity reduces uplift pressure beneath the armour layer and
delays the onset of instability. Impermeable cores, in contrast, showed
earlier transitions to instability, with reduced capacity for pore pressure
dissipation and greater underlayer deformation.

The influence of armour unit spacing and protrusions was similarly
pronounced. Among the tested configurations, 22.5% spacing with
protrusions provided the highest observed stability margin, while
compact placements (<10%) reduced porosity and favoured uplift-
driven displacement. Protruded units (PT) demonstrated enhanced
interlocking and resistance against rocking or extraction, especially on
permeable cores, where improved porosity and fit between adjacent
units minimized vertical motion. These trends in stability, as shown in
Table 6, indicate that spacing and protrusions exhibit decisive control on
Coastalock stability.

The values in Table 6 are configuration-level critical or lower-bound
stability numbers, not the minimum stable Ny observed among all in-
dividual sea-state runs. For test series where both stable and unstable
conditions bracketed failure, the critical Ny was estimated from the
transition between the highest stable and lowest unstable conditions.
For test series where no armour-layer failure occurred, the maximum
tested stable Ns was retained as a lower-bound estimate of the critical
condition. Individual stable runs within a sequential test series are
therefore not treated as independent failure thresholds.

The stability analysis demonstrated thresholds emerging for the unit
spacing effect. To transform these experimental observations into

11
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conservative design practice, a safety factor is applied to both stability
parameters, as shown in Table 7. The Coastal Engineering Manual
(USACE, 2002) and the Rock Manual (CIRIA and CETMEF, 2007)
recommend such safety factors when using experimental results for ar-
mour layer design, reflecting uncertainties associated with hydraulic
variability, construction tolerances, and scale effects. In this study, a
safety factor of 1.5 was adopted, corresponding to the common practice
of designing for approximately 67% of the experimentally observed
critical N, thereby providing adequate conservatism in Coastalock sta-
bility assessment.

The stability coefficients derived from these results, presented in
Table 7, indicate that the preliminary design N values for permeable
core configurations typically range between 2.2 and 2.8, corresponding
to design Kp values of approximately 9-15 for 2V:3H slopes, consistent
with the hydraulic performance of established single-layer systems such
as Accropode and Xbloc. For the 10% configurations, the design value is
based on the lower-bound stability interpretation summarized in
Table 6, rather than on the lowest stable sea-state run. Applying the
safety factor of 1.5 to Table 6 value of Ny = 3.39 gives the preliminary
design value Ng= 2.26. A lower individual stable run within the same
sequential loading history is not interpreted as the critical stability
threshold.

As an additional conservatism check, a lower-tail statistical estimate
was performed on the impermeable core configurations with spacing >
10%. This subset was selected because it represents comparable cases,
while also providing multiple independent configurations within a
consistent structural configuration. The sample mean and standard de-
viation are 3.76 and 0.75, respectively. Using a one-sided 5% lower
confidence bound based on the Student-t distribution (number of sam-
plesis 4, degree of freedom is 3), the conservative estimate of the critical
stability number is approximately N;_critica5% ~ 2.88. This statistical
approach was not extended to all configurations due to the limited
number of independent cases within other subsets and the heterogeneity
in tested configuration arrangements, which would not provide a sta-
tistically meaningful estimate. The resulting lower-tail value is consis-
tent with the adopted design stability number obtained by applying the
global safety factor of 1.5 to the experimentally observed critical values.

Across the experimental programs, breathing was observed mainly
for densely placed armour layers with 0% or low spacing (<10%).
Molenkamp (2022) and fawniczak (2024) reported cyclic uplift and
resettlement associated with pore-pressure fluctuations and occasional
underlayer deformation, but these responses generally remained local-
ized until extraction or displacement occurred. In the larger-scale
emergent RMBW tests of Sayar et al. (2025), no breathing or under-
layer deformation was recorded up to Hs ~ 5.7 m, indicating stable
interlocking under the tested 1:15-scale conditions. Unit extraction was
limited to low-spacing configurations, local transition zones, or the
upper bound of tested hydraulic loading, whereas configurations with
spacing of 10% or greater generally remained stable within the tested
envelope.

4.1.2. Coastalock with protrusions

The protruded Coastalock tests evaluated the combined effect of
controlled spacing and protruded unit geometry at 10% and 22.5%
spacing; therefore, spacing and protrusion effects cannot be isolated
from each other in these configurations.

The tests with protrusions indicated that a more porous armour layer
and enhanced interlocking provided by the protrusions with 22.5%
spacing maintained armour-layer stability with no failure reported
throughout the entire set of tests. The structure remained fully stable at
the maximum significant wave height that could be produced in the
flume, corresponding to a lower-bound critical stability number
N =4.19 (design Ng = 2.80) tested only with protruded units.
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a function of relative freeboard (R./Hpo).
4.2. Underlayer response

The underlayer provides the regular support surface required for
single-layer interlocking and resists deformation under wave-induced
uplift and run-down forces. Its effect must therefore be interpreted
together with armour spacing, core permeability, and placement
quality.

Observed damage mechanisms linked instability to underlayer
response mainly at low spacings. Molenkamp (2022) and fawniczak
(2024) documented breathing, sliding, and S-shaped settlement when
spacings were below 10%, whereas Sayar et al. (2025) showed that a
permeable core, regular 10% spacing, and a suitable underlayer pre-
vented these mechanisms under the tested large-scale emergent RMBW
conditions.

Sayar et al. (2025) further showed that a coarser underlayer does not
necessarily improve stability: larger rock can create an irregular support
surface that reduces placement regularity and increases local rocking
risk. The underlayer ratio is therefore treated as a coupled parameter,
not as a stand-alone stability predictor.
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The relationship between underlayer-to-armour nominal diameter
ratio and stability response is shown in Fig. 8. The figure compares
stable and unstable test runs for permeable- and impermeable-core
configurations and supports the interpretation that underlayer
response must be evaluated together with spacing, core permeability,
and placement regularity.

Results shown in Table 8 indicate that, for permeable-core configu-
rations, instability occurrence decreases as the D59 underlayer to D,
armour layer increases within the tested range. Instability was observed
in 7.4% of tests at Dys50,u/Dp,cr ~ 0.249, reduced to 5.6% at Dps0,yr/Dy,
cL =~ 0.339. These results suggest that, within the tested permeable-core
configurations, larger underlayer ratios improve resistance to breathing
and extraction mechanisms when combined with adequate armour
spacing and a permeable core, while no single ratio should be inter-
preted as an absolute stability threshold. Additionally, core permeability
was found to be a dominant parameter, as impermeable-core cases
exhibited substantially higher instability occurrence even at comparable
underlayer ratios, wave and structural conditions. The absence of
instability at the highest tested underlayer ratios should be interpreted
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EurOtop (2018) sensitivity range around the representative y¢ = 0.67 value; data with q* < 5 x 107> were excluded from the calibration.

in relation to the corresponding hydraulic loading conditions, core type,
slope geometry, and unit arrangement, rather than as evidence of an
unconditional stability threshold.

4.3. Overtopping performance

The overtopping performance of Coastalock-armoured slopes was
assessed using the (EurOtop, 2018) framework, with measured over-
topping volumes converted into dimensionless mean discharges to allow
direct comparison with standard prediction curves. Fig. 9 presents the
overtopping data grouped by armour-unit spacing and by experimental
campaign. Previous investigations found no consistent spacing- or
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core-permeability-dependent trend in overtopping rates across the
available configurations; therefore, the present analysis uses these
groupings descriptively and focuses on calibration of a representative
EurOtop roughness factor.

For the 10% spacing configuration, measured mean overtopping
discharges align closely with EurOtop (2018) curves; calibration pro-
duced a roughness factor of y¢~ 0.67 as shown in Fig. 10, which is higher
than the typical values reported for many established single-layer ar-
mour units and therefore indicates a lower overtopping-reduction effect
within the tested Coastalock configurations. This value is retained as the
representative calibrated roughness factor for the tested Coastalock
configurations rather than presenting multiple design curves.
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Table 9 Table 10
Qualitative and quantitative synthesis of dominant hydraulic response variables Baseline and alternative Coastalock configurations for preliminary hydraulic
identified from the consolidated Coastalock physical model database. design.
Variable Observed influence within Design interpretation Parameter Baseline tested Standard unit alternative
the tested data configuration configuration
Armour unit Low spacing (<10%) was Spacing is a primary stability- Armour unit spacing ~ 22.5 10
spacing associated with breathing, related design variable. 10% (%)
underlayer deformation, and  spacing represents the most A it ith Protrusi Standard
occasional extraction. broadly tested standard-unit rmour unit type with Frotrusions andar
Spacing of 10% or higher configuration, whereas the Core type Permeable Permeable
generally reduced these 22.5% protruded-unit )
response modes within the configuration showed the Front slope 2V:3H 2V:3H
tested configurations, highest tested stability. These Dhso, undertayer / Dncr 0.34 0.25-0.34
although performance also spacing recommendations — — - —
depended on protrusions, should be interpreted together Crltlc'al stability No failure observed up to Comparable stablhty'
core permeability, and with core permeability, basis Ns. = 4.19; lo.w.er-bound observ?d acro.ss‘ multiple
underlayer support. underlayer support, and critical condition campaigns; critical Ns~ 3.39
placement regularity. Design stability 2.80 2.26
Protrusions The 22.5% protruded The 22.5% protruded number, N
configuration showed no configuration is the best- Hudson coefficient 14.6 7.68
armour-layer failure up to performing tested geometry, (Kp) for 2V:3H
the maximum generated with design Ns~ 2.8 and slope
wave condition. The Kp ~ 15 for the tested 2V:3H - -
available tests do not isolate  permeable-core configuration. Primary Best-performing tested Most broadly tested
the independent effect of This result should not be interpretation configuration standard-unit configuration
spacing from the effect of generalized to non-protruded
protruded geometry. 22.5% spacing without
additional testing.
Core Permeable-core Core permeability should be

permeability

configurations were
generally associated with
reduced uplift- and pore-
pressure-related response
compared with
impermeable-core
configurations, particularly
at low spacing.

treated as an important support
condition for armour stability,
particularly where low spacing
may increase uplift and pore-
pressure beneath the armour
layer.

Underlayer ratio
and regularity

Underlayer deformation
depended on both
underlayer size and armour
spacing. Larger underlayer
stone size alone did not
consistently improve
stability, particularly where
coarser gradings reduced
placement regularity.

For tested permeable-core
configurations, Dyso,u1/Dh,
cL~0.25-0.34 is a practical
preliminary range when
combined with adequate
spacing and controlled
placement; it should not be
used as a stand-alone universal
rule.

Overtopping/ Measured overtopping was Selected y¢= 0.67 provides a
freeboard analyzed within the EurOtop  representative preliminary
framework and represented roughness factor for the tested
by a calibrated y¢ value for trunk-section configurations.
the tested Coastalock- Lower generic single-layer
armoured slopes. armour roughness factors
should not be adopted without
project-specific validation.
Toe One toe-related instability Toe design should be
configuration was observed under severe conservative, particularly for

overtopping and rear-side
downrush. Other toe
configurations remained
stable within the tested
conditions, often with toe
rock weights exceeding
values calculated using
conventional toe-stability
formulas.

overtopped, rear-side-loaded,
mobile-bed, or scour-prone
configurations where toe
displacement could initiate
progressive armour-layer
damage.

As shown in Fig. 11, the 22.5% spacing tests produced overtopping
discharges that align closely with EurOtop (2018) predictions, with
calibration indicating y; values mostly between 0.65 and 0.70. This
range indicates that the 22.5% protruded configuration falls within the
calibrated overtopping range observed for the tested Coastalock

configurations.
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4.4. Toe and rear side response

In Coastalock-armoured slopes, as in other single-layer armour unit
systems, the toe plays a critical role in stability by providing support to
the first rows of the armour, resisting scour and settlement, and pre-
venting slope failure triggered at the base. Across the experimental se-
ries, only one toe-related instability was observed during the large-scale
experiments of Sayar et al. (2025), occurring at the lee side of the
emergent breakwater structure under severe overtopping volumes that
exceeded the suggested limits in EurOtop (2018). The overtopping
downrush and localized wave forces damaged the leeward toe, dis-
lodging the bottom toe armour row and triggering subsequent slope
failure. Once the leeward toe was reinforced, no failure of the toe was
registered under the same wave and overtopping conditions.

These findings highlight the critical role of toe stability in Coastalock
design, as failure initiated at the toe can compromise the entire armour
slope; ensuring conservative toe design and sizing remains essential. The
remaining toe configurations did not fail under the applied loading, but
this outcome should be interpreted in relation to the tested toe geome-
tries, rock sizes, and, in several cases, toe weights exceeding values
calculated using conventional rubble mound toe stability formulas.

The observed rear-side damage is therefore interpreted as a toe-
instability mechanism under severe overtopping rather than as a
generalized rear-slope armour stability criterion. For configurations
involving substantial overtopping, mobile beds, scour-prone toes, or
site-specific rear-slope loading, toe stability should be verified using
conservative design assumptions or additional physical modelling.

4.5. Synthesis of controlling hydraulic response variables

The consolidated dataset includes multiple structural and hydraulic
variables, and not all combinations were tested systematically. A fully
general multivariate stability formula is therefore not derived from the
available data. Instead, the observed response patterns identify the pa-
rameters that most consistently controlled armour-layer behaviour
within the tested envelope. The synthesis in Table 9 is therefore quali-
tative and configuration-specific while the baseline tested configuration
and standard-unit alternative retained for preliminary hydraulic design
are summarized in Table 10.
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5. Preliminary design recommendations and application limits

The design recommendations in this section are intended for pre-
liminary design of Coastalock-armoured straight trunk sections within
the tested experimental envelope. They distinguish between the best-
performing tested configuration, the most broadly tested standard-unit
alternative, and configurations requiring project-specific verification
as summarized in Table 10.

5.1. Baseline tested configuration and design values

The best-performing tested configuration for Coastalock design is
defined by tests on a permeable core with a 2V:3H slope, 22.5% unit
spacing with protrusions, and an underlayer-to-armour size ratio of
0.34. Under these conditions, the armour remained fully stable under all
wave conditions achievable within the laboratory. The maximum tested
stability number was N;=4.19. Since no failure occurred, this value
represents a lower bound of the critical stability number (N5, > 4.19)
rather than an experimentally interpolated failure threshold. Applying a
global safety factor of 1.5 to this lower-bound estimate results in a
conservative design Ny~ 2.8.

The baseline configuration performed within the upper range of re-
ported stability constants for established single-layer systems. This
interpretation is limited to the tested slope height, protruded geometry,
permeable core, and 2V:3H slope, and should not be generalized to other
structural arrangements without verification.

It should also be noted that the 22.5% spacing configuration was
tested exclusively with Coastalock units with protrusions. No corre-
sponding tests without protrusions were conducted at this spacing.
Therefore, the observed performance at 22.5% spacing cannot be
directly attributed to spacing alone, nor can the independent contribu-
tion of protrusions be isolated. The conclusions for this configuration are
thus limited to the tested geometry.

The standard Coastalock unit at 10% spacing on a permeable core
remains the most broadly tested standard-unit alternative in the avail-
able dataset. Although its stability margin (design N;~ 2.26) is lower
than that of the 22.5% protruded configuration, it was tested across
multiple campaigns and therefore provides the broader basis for
standard-unit preliminary design within the tested envelope.

5.2. Underlayer design

The test results indicate that Coastalock stability is influenced by the
underlayer ratio Dys50,ur/Dncr, but this parameter should not be inter-
preted independently from armour porosity, core permeability, and
placement regularity. For permeable-core configurations, instability
occurrence decreased within the tested underlayer-ratio range, and D5,
ut/Dn 1, values of approximately 0.25-0.34 were associated with limited
instability when combined with adequate armour spacing, a permeable
core, and controlled unit placement. No instability was observed for
higher-ratio cases within the available data; however, these cases were
not systematically tested under the most severe hydraulic loading con-
ditions and should therefore not be interpreted as defining an absolute
stability threshold. Excessively large underlayer stones may also reduce
support regularity and locally increase rocking or instability risk.
Therefore, Duso.ur/Dnc. = 0.25-0.34 is proposed as a practical pre-
liminary range for the tested permeable-core applications, rather than as
a stand-alone or universally applicable underlayer design rule.

5.3. Overtopping design

For preliminary overtopping calculations of Coastalock-armoured
slopes within the tested range, the EurOtop (2018) formulation may
be applied using a preliminary roughness factor yf = 0.67. This value is
consistent with the best-fit calibration of the available overtopping data
and lies within the primary range obtained from the analyzed
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configurations (y¢~ 0.65-0.70).

The recommended y¢ value should be interpreted as a hydraulic
roughness parameter for the tested Coastalock trunk-section configura-
tions and not as a universal value for all possible slopes, crest geome-
tries, armour orientations, or low-crested/overtopped arrangements.
Where overtopping is a governing design condition, project-specific
checks should consider crest freeboard, crest width, rear-side
drainage, and the potential interaction between overtopping down-
rush and rear toe stability.

5.4. Toe and rear-side response

Toe stability was identified as a significant factor for the Coastalock
armour layer. The only recorded toe failure in the test campaigns was
reported at the lee side of the structure and linked to toe instability
under heavy overtopping. Evaluation against van der Meer et al. (1996)
toe stability formula showed that conservative toe rock weights, often
greater than the calculated values, contributed to overall slope robust-
ness. Accordingly, established rubble mound toe stability methods
should be used as a minimum design check for Coastalock-armoured
slopes, with additional conservatism where toe displacement could
initiate progressive armour-layer instability.

On the rear side, armour stability was fully maintained as long as the
toe remained intact, but excessive overtopping volumes proved capable
of weakening the rear toe stability and initiating slope damage. These
observations should be interpreted primarily as toe-design evidence
under overtopping-induced loading rather than as a general rear-slope
armour recommendation independent of toe support. It is therefore
advised that designers apply conservative toe sizing, particularly for
rear-side protection with moderate to heavy overtopping rates in highly
exposed sites.

5.5. Application limits

The present recommendations apply only to straight, two-
dimensional trunk sections within the tested structural and hydraulic
envelope. The available data cover front slopes of 2V:3H and 1V:2H.

The design recommendations are based on tests covering spacings
from 0 to 25%, of which 10% and 22.5% are the principal configurations
retained for preliminary design interpretation. In terms of orientation,
San Diego (without protrusions) and cavity-forward arrangements were
the most broadly represented orientations in the available dataset,
whereas designs employing cavity-sideways and downward orientations
were more limited and therefore additional model testing is suggested.
The 22.5% spacing recommendation is further limited to Coastalock
units with protrusions, since no equivalent 22.5% spacing tests were
conducted using the standard unit geometry.

The stability results are based on test durations that varied among
the source campaigns, with many test runs containing approximately
1,000-1,200 waves, while some runs were shorter because of failure,
test-sequence constraints, or facility-specific procedures. These tests
support interpretation of short-term storm response, but long-term
exposure and lifetime performance of Coastalock armour layers still
require prototype monitoring or additional testing.

In practice, several site-specific factors can increase hydrodynamic
demand or reduce stability margin. Additional physical modelling is
recommended for roundheads, curved alignments, transitions, oblique
wave attack, currents, mobile beds, severe plunging or depth-limited
breaking at the toe, different unit sizes, alternative protrusion geome-
tries, extended storm durations, and configurations in which biological
growth or sediment infill may substantially alter armour-layer porosity.
Toe and rear-side observations from the present dataset are
configuration-specific and should not be interpreted as independently
calibrated toe-stability guidance.
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6. Discussion

This study consolidates results from four independent physical
modelling programs, yielding the first unified dataset for the hydraulic
stability and performance of Coastalock armour units. By integrating
306 individual test runs, the research establishes a coherent framework
for developing preliminary hydraulic design recommendations.

Coastalock achieved a design N;=2.8 (Kp=a15) for the best-
performing tested 2V:3H trunk-section configuration with protruded
units at 22.5% spacing on a permeable core, while the tested 10%
spacing Coastalock configuration provided a lower preliminary design
value of Ny=2.26 (Kp=~7.68). Both values fall within, the general
design range of Ny = 2.0-3.0 commonly reported for single-layer ar-
mour systems. For overtopping calculations, the available data support
use of the EurOtop framework with a representative calibrated rough-
ness factor of y; = 0.67 for the tested Coastalock trunk-section config-
urations. This value is higher than the typical values reported for many
established single-layer concrete armour units, indicating that lower
generic roughness factors should not be adopted for Coastalock without
project-specific validation.

The interpretation of the stability results requires attention to the
heterogeneous nature of the merged database. The test campaigns
differed in core permeability, water depth, slope, toe configuration,
underlayer grading, unit spacing, orientation, and the use of protrusions.
Accordingly, the available data support configuration-specific design
values and sensitivity-based interpretation rather than a universal
empirical stability formula for all Coastalock applications. The highest
observed armour-layer stability was obtained for the 22.5% spacing
configuration with protrusions, while the standard 10% spacing
configuration remains the most broadly tested alternative because it was
tested across multiple campaigns. The 22.5% result should therefore be
interpreted as the performance of the tested protruded geometry,
whereas the 10% spacing result provides a broader basis for standard-
unit applications within the tested envelope.

The results show that Coastalock stability is governed by the inter-
action among armour spacing, core permeability, underlayer support,
placement regularity, and toe/rear-side boundary conditions. Conse-
quently, underlayer ratios and toe observations should not be inter-
preted independently from the tested structural configuration.

Although Coastalock incorporates ecological design features, the
present study evaluates hydraulic performance only; ecological func-
tionality is retained as unit-design context and was assessed separately
for existing Coastalock applications during several biological moni-
toring campaigns (ECOncrete, 2024; Gutiérrez Martinez et al., 2023;
Rella et al., 2024; Sayar et al., 2025).

The proposed recommendations should be used within the applica-
tion limits defined for the tested two-dimensional trunk-section config-
urations. The database provides a practical basis for preliminary design,
but additional physical modelling remains necessary for configurations
outside the tested envelope, including roundheads, curved alignments,
oblique wave attack, mobile beds, severe depth-limited breaking,
alternative protrusion geometries, and long-duration prototype storm
sequences. Within these limits, the study provides a data-supported basis
for preliminary Coastalock design while maintaining the need for
project-specific verification under more complex site conditions.

7. Conclusions

This work presents the first consolidated preliminary hydraulic
design recommendations for the Coastalock armour unit, derived from
four physical model investigations and focused on armour-layer stabil-
ity, underlayer response, overtopping, and toe berm stability for the
tested two-dimensional trunk-section configurations.

The consolidated database comprises 306 individual sea-state test
runs from four experimental campaigns. The database provides a broad
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experimental basis for identifying the main parameters controlling
Coastalock performance within the tested ranges.

The best-performing tested configuration consisted of Coastalock
units with protrusions placed at 22.5% spacing on a permeable core with
a 2V:3H slope. No armour-layer failure was observed for this configu-
ration up to the maximum tested stability number, Ny =4.19, which
should be interpreted as a lower-bound estimate of the critical stability
condition. Applying the adopted safety factor gives a design stability
number of approximately Ny = 2.8, with a corresponding Hudson coef-
ficient close to Kp =15 for the tested 2V:3H slope.

The standard Coastalock configuration placed at 10% spacing on a
permeable core remains a broadly tested alternative, with a design
stability number of approximately Ng=2.26 and a corresponding
Kp ~7.68 for the tested 2V:3H slope. Although lower than the 22.5%
protruded configuration, this standard-unit configuration was examined
across multiple experimental campaigns and provides the broader basis
for standard-unit preliminary design within the tested envelope.

The underlayer assessment indicates that Coastalock stability de-
pends on the combined effects of armour spacing, core permeability,
underlayer size, and placement regularity. Within the tested permeable-
core configurations, Dys50 yr/Dn,cr. values in the approximate range of
0.25-0.34 were associated with stable or limited-instability behaviour
when combined with adequate armour spacing and controlled place-
ment. This range should be interpreted as a tested preliminary range
rather than a universal underlayer rule independent of other structural
parameters.

For overtopping calculations, the EurOtop-based calibration sup-
ports yf=0.67 as a representative roughness factor for preliminary
assessment within the tested conditions. Toe and rear-side observations
indicate that toe support can influence armour-layer integrity under
heavy overtopping and downrush; however, these observations are
configuration-specific and should be used as design context rather than
general Coastalock-specific toe-stability guidance.

The recommendations are limited to the tested two-dimensional
trunk sections, slopes, unit orientations, spacings, underlayer grada-
tions, core conditions, and wave-loading ranges. Additional physical
modelling is required before extrapolating the proposed values to
roundheads, curved transitions, oblique wave attack, severe depth-
limited breaking, different unit sizes, different slopes, non-protruded
22.5% spacing, or long-duration prototype storm sequences. Although
Coastalock retains its eco-engineered design intent, the hydraulic design
recommendations presented here are governed by hydraulic stability,
overtopping, underlayer, and toe and rear side response observations.

For sites involving large tidal variability, substantial biological
growth or sediment infill, severe breaking, complex three-dimensional
geometry, or long-duration loading, the preliminary values presented
here should be used conservatively and verified through project-specific
assessment or additional physical modelling.
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