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ABSTRACT

The hydraulic stability of rock armour layers has been extensively discussed in the
literature, with numerous formulae proposed for design purposes. However,
limited attention has been given to armour stability under shallow water conditions,
largely due to the scarcity of experimental data. This research aims to address this
gap by providing new insights into the stability of rock armour layers with rubble
mound breakwaters in shallow water. Hydraulic stability was determined for four
different structure slopes and various hydrodynamic conditions, spanning from
deep to extremely shallow water in presence of a 1V:30H foreshore. Newly
experimental data were compared with existing stability formulae valid in shallow
water, specifically those by van Gent et al. (2003, VG), Eldrup and Andersen
(2019, EA), and Etemad-Shahidi et al. (2020, ES). Initially, the data were used to
evaluate the accuracy of the original formulae. Following this, the formulae were
recalibrated to account for the influence of shallow water, with data grouped
according to water levels. Finally, modified versions of VG and ES formulae were
developed to fit the experimental data, incorporating the effects of wave steepness

to better capture shallow water dynamics.
Keywords

Hydraulic stability, Rubble mound breakwater, Physical model tests, Damage, Shallow
water.
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1. Introduction

Rock-armoured rubble mound breakwaters are the most common coastal structures used
to protect harbours and mitigate coastal erosion and flooding. Although the estimation of
the hydraulic stability of the armour units is a standard practice for coastal engineers, this
calculation may be highly influenced by the stochastic nature of wave loading, movement
initiation, and armour damage progression (Campos et al., 2020a; 2020b). The formulae
reported in design manuals (e.g., Coastal Engineering Manual (USACE, 2002); Rock
Manual (CIRIA/CUR/CETMEEF, 2007)) are semi-empirical and primarily based on
datasets from 2D physical model tests conducted worldwide.

Rubble mound breakwaters are commonly found along sandy coastlines, especially in
shallow water environments. The slopes characteristics of these sandy coasts can vary
significantly, ranging from gentle slopes, that allow waves to dissipate energy gradually,
to steeper slopes, such as 1V:20H or 1V:30H gradients. These steeper slopes influence
wave behaviour and the effectiveness of breakwaters, potentially requiring more robust
designs to ensure adequate coastal protection, as they are exposed to depth-limited waves,
significantly influenced by seabed. According to the water depth classification of van
Gent (1999, 2001), based on the ratio between the spectral wave height in deep water
(Hmo,0) and the water depth at the structure toe (%), namely the relative depth (h-=Huo,0/h),
different water depth conditions can be established, ranging from deep (where wave
breaking on the foreshore is absent) to extremely shallow foreshores (experiencing a high
degree of wave breaking on the foreshore). Specifically, foreshores can be classified as
deep (4,<0.40), intermediate (0.40<h,<0.75), shallow (0.75<h,<1.50), very shallow

(1.50<h,<3), and extremely shallow (4,>3).

Shallow water represents a typical design condition for most coastal structures around the

world. They are, for example, prevalent along the U.S. (e.g., the Gulf of Mexico, Melby
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et al., 2021) and the North Sea (e.g., the sea defence at Scarborough in the U.K., Allsop,
2021) for protecting harbours, navigation waterways, shorelines, and bluffs. Moreover,
hard-soft hybrid structures, such as dike-in-dune systems or large beach nourishments in
front of sea walls, can be found in the Netherlands and Belgium, where steep foreshores
represent a typical average (eroded) profile (Altomare et al., 2020). Such interventions
are characterised by large amounts of sand seaward of the hard structure (Altomare et al.,
2016), which can be eroded during extreme storms, potentially altering the water depth
conditions at the toe of the structure from intermediate/shallow to very/extremely
shallow. In these situations, the impact of wave forces on the structure is strongly
influenced by seabed topography and waves are completely different compared to deep
water (Allsop et al., 1999; Goda, 2010; Herrera and Medina, 2015). Shallow foreshores
are characterised by breaking waves and the release of bound long waves (van Gent,
2001). The energy spectrum tends to flatten and/or become double-peaked, resulting in a
prevalence of low frequency components in the surf zone, closely related to the incident
wave groups, which increase as waves approach the structure, leading to a reduction in
energy at higher frequencies (Kamphuis, 1996; Shah and Kamphuis, 1996).

Shallow water conditions are also expected to become more common with the upgrading
of existing breakwaters, driven by changing hydraulic conditions due to sea level rise. In
the context of probabilistic design, uncertainties in design conditions under climate
change require further research to fully understand wave-structure interaction phenomena
and their impact on the functionality of existing rubble mound breakwaters, since these
uncertainties could result in the breakwater being unable to meet the design requirements
(e.g., Calabrese et al., 2011; Ciardulli et al., 2013; Brancasi et al., 2022; Diaz-Carrasco
et al., 2023; Mares-Nasarre et al., 2024). Some possible solutions for upgrading damaged

rubble mound breakwaters should be selected based on clear adaptation pathways as
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highlighted by van Gent and Teng (2023). Despite the practical relevance of upgrading
aging structures, limited research has been conducted on the subject (e.g., Burcharth et
al., 2014). Currently, no generic method exists to describe the rock armour stability in
extremely shallow water conditions, thus requiring a review and update of the current
state of knowledge and tools for slope breakwater design, especially in very and
extremely shallow water.

To this aim, new 2D experiments have been carried out in the wave flume at the EUropean
Maritime and Environmental Research (EUMER) laboratory at the University of Salento
(Lecce, Italy) to investigate the effects of shallow water conditions on the hydraulic
stability of steep permeable rubble mound breakwaters.

The present paper is organised as follows: Section 2 presents the literature background,
retracing the most relevant findings in rock armour stability over time. Section 3
describes the physical model setup and performed tests, including the experimental
programme and damage measurements. Section 4 reports the wave analysis of the data
collected during the experiments. Section 5 discusses the results and compares the new
experimental data with the available design formulae calibrated for shallow water
conditions (van Gent et al., 2003; Eldrup and Andersen, 2019; Etemad-Shahidi et al.,
2020). Additionally, modified versions of van Gent et al. (2003) and Etemad-Shahidi et
al. (2020) stability formulae for shallow water conditions are proposed to fit the
experimental data. Finally, Section 6 provides a summary of the key findings of the

present study and presents perspectives for future research.

2. Background

Early relations describing the incipient motion of seaside armour stones were developed

by Iribarren (1938), Hudson (1959) and Losada and Gimenez-Curto (1979), in which the
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relations differ primarily in the parametric description of the structure slope and friction
angle. The widely known Hudson formula has remained the most commonly used method
for many decades. At the end of the 1970s and beginning of the 1980s, catastrophic
failures were experienced by a series of large rubble mound breakwaters (Scaravaglione
et al., 2022), prompting extensive research to improve the design and construction of such
structures. Valuable results were achieved by Ahrens (1970), Ahrens and McCartney
(1975), and Thompson and Shuttler (1975). The last one recognised the importance of
factors as the type of wave breaking, rock placement, and the number of waves, thereby
generating a new dataset for flat bottom and impermeable slopes. Results of Thompson
and Shuttler (1975) were reanalysed by van der Meer (1988), who performed an extensive
laboratory experimental campaign, including both small- and large-scale tests, and
quantified the influence of further parameters, i.e., wave period, permeability, storm
duration and wave steepness. Based on his extensive dataset, van der Meer (1988)
proposed two different formulae for plunging and surging waves, widely employed in the
design practice, but mainly limited to deep water. Recently, van der Meer (2021) revisited

these equations, as shown in Eq. 1a,b:

0 g \*2
N=—=6.49c P°~‘8<—> g 03 & <& Eq. la
S ADnSO pl \/I\I_W s-1,0 s-1,0 s-1,0,¢
0.2
H 013 S P
Ng= =0.97¢c, P77 | — to®- > Eq. 1b
S ADnSO Csu \/I\I_w cota &S_l,o (t’s-l,O é;s-l,O,C q
where:
N; stability number
H=H3 significant wave height in the time domain
A=p,/pyw — 1 relative buoyant density of the rock armour
P, density of the armour rock
P, density of the water
Dyso=(Mso/p)'" armour nominal median rock size
Mso median mass of the armour rock grading
a structure seaward slope angle
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S=Ac/Dns0° damage level

Ae average eroded area (Broderick and Ahrens, 1982)
P notional permeability factor

g gravity acceleration

Ny number of waves in a storm duration

& ~tana/ [2nH,/ gT% 10 surf similarity parameter

Tn-10 negative spectral energy wave period

1

6.49¢,, P03 . o
0= (# P31 ftana ) critical surf similarity parameter

* su
coefficients that depend on the stone shape

Cpl > Cou (Bradbury et al., 1988; Latham et al., 1988)
These formulae were calibrated using the datasets from Thompson and Shuttler (1975)
and van der Meer (1988) and are specifically valid in deep water for a non-sloping seabed.
For slopes more gentle than cota=4, it is advised to use Eq.1a, regardless of the value of
the surf-similarity parameter. Based on a limited number of tests with breaking waves on
the foreshore, van der Meer (1988) suggested replacing H, with the wave height exceeded
by 2 percent of the waves that reach the breakwater (H>¢;), divided by the ratio Hzo,/H=1.4

valid for deep water conditions.

Later, Smith et al. (2002) conducted several small-scale laboratory tests to provide more
insights into shallow water conditions. This work was extended by van Gent et al. (2003)
to recalibrate the formulations proposed by van der Meer (1988), including conditions
with shallow foreshores (207 tests). By means of the datasets from van der Meer (1988)
and van Gent et al. (2003), modified equations for plunging (Eq. 2a) and surging (Eq. 2b)

waves were proposed:

0.2 4
Hs S H2‘V
—8.4c, PO [ —— 0.5 ( ) - Ea %4
AD, 59 ! </NW> Se10 H, Ce10= Ss10. q
0.2 y

S p (Hyy

s -0.13 0.5 .
ADnSO 1.3 SuP < /NW> cota &s 1,0 ( Hs ) &s-l,Ozgs-l,O,c Eq- 2b
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where H, and T,,.-1,0 are both computed at the toe of the structure. For slopes more gentle
than cota=4, it is advised to use Eq.2a, irrespective of the value of the surf-similarity
parameter.

Using the same database, van Gent et al. (2003) and van Gent (2004) reported an
alternative stability formula (Eq. 3), that does not depend neither on the spectral wave
period (Tn-10) nor the notional permeability factor (P), and includes the nominal rock

diameters of both the armour (D,s50) and core (Dys50,core):

H
AI)nSO

D150 cor S \°
=cygVcota <1+ DSO’“’ e)( ) Eq.3
n50

with CVGZI 75.

Physical model tests conducted by Vidal et al., (2006), provided a new formula that
depends on the average of the 50 highest waves attacking the structure (Hi/50). In that
study the coefficients proposed by van der Meer (van der Meer, 1988) were recalibrated
to design breakwaters in intermediate and shallow water. Lamberti and Tomasicchio
(1997) also adopted Hi/s0 to evaluate movement threshold conditions at reshaping berm
breakwaters. This approach allows for the consideration of extreme waves that could
affect breakwater stability, reducing the risk of damage during extreme storm events and

enhancing breakwater safety.

Melby and Hughes (2003) and Melby and Kobayashi (2011) proposed a stability formula
based on the maximum wave momentum flux, calibrated with the experimental data of
van der Meer (1988). These formulae are based on the physical assumption that wave
momentum flux at the toe of the structure is proportional to the maximum wave forces
on the armour units, showing that when the water depth is incorporated in the formulation,

a better description of stability is obtained.
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Herrera et al. (2017) derived a new design formula in presence of breaking waves utilising
a combined experimental-numerical approach with the SWAN numerical model (Booij
et al., 1999) to compute the incident wave parameters inshore. The authors found that the
best fit for their formula is obtained when the spectral wave height (H,0) measured at
three times the water depth far from the structure toe (34) is used.

Eldrup and Andersen (2019) investigated the hydraulic stability of a conventional rubble
mound breakwater in shallow water, mainly focusing on the effects of nonlinear waves
and very low wave steepness. They revisited the original van der Meer stability design
formulae (van der Meer, 1988) and developed a new formulation (Eq. 4), based on the
new acquired dataset (68 tests) and the ones provided by van Gent et al. (2003) and Eldrup

et al. (2019):

0.2
S .
<F> 167 040D plungewithE <€, Eq.4a

Eq. 4b

m-1,0,c

q S 0.2
—m0 =c <—> P%'""min [cota, 2]°23 surge with ém_l,oz g

N

where s,,.1 0=21H,,/ gsz_l,O is the wave steepness at the toe of the structure, cr41=4.5,

ce42=3.1, and the critical surf similarity parameter (¢, | , .) was redetermined (Eq. 4¢):

1
_ (cgaz P min[cota, 21023\ 0-4P-067 o 4c
o106 Cea1 1.6"

By Eq. 4, a reduction in the uncertainty is achieved, indicating that H,,0 may be preferable
than H13 or Hay, due to its lower sensitivity to wave nonlinearity.

In Etemad-Shahidi et al. (2020) a multi-variable regression model was used on the
experimental database (791 data) available in literature (Thompson and Shuttler, 1975;

van der Meer, 1988; van Gent et al., 2003; Vidal et al., 2006), to develop a compact
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formula applicable across varying water depths for both plunging (Eq. 5a) and surging

(Eq. 5b) waves:

7

H, L 1
=cps1CpN,,°S68 7 (1-3m) for G| o<1.8 Eq. 5a

AI)nSO

L 1L
CEszc N OS (%3 (1 3m) fOI‘E_, 1021 8 Eq Sb
AI)nSO

3/5

10
where C,= [1+ ”50“”) ] represents the permeability coefficient, ces1=4.5 and
Dyso

ces2=3.9. These equations incorporate the effect of the foreshore slope (m) and are valid
under depth-limited wave breaking conditions.

Losada (2021) questioned the classical methodology used to study the damage evolution
of coastal slope structures and proposed a new predictive model, valid also in shallow
water conditions, based on a sigmoid function. This approach aims to partially overcome
the epistemic uncertainty inherent in the current damage evolution models, by
considering the role of the relative depth and, particularly, the interplay between relative

depth, wave steepness at the toe of the breakwater, and breakwater slope.

Despite various authors have derived different conclusions regarding the stability of rock
armour in shallow water, data for very and extremely shallow water conditions (shallower
than those tested or discussed in previous studies such as van Gent et al., 2003, Eldrup
and Andersen, 2019 and Etemad-Shahidi et al., 2020) remains yet limited and scarce.
Therefore, further research and physical model experiments are required to gain a deeper

understanding of the effects of shallow water on rock armour stability.

3. New laboratory tests

3.1 Physical model

An experimental investigation was carried out in the wave flume at the EUMER

9
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laboratory at the University of Salento (Italy). The wave flume is 45 m long, 2 m high,
and 1.4 m wide, equipped with a piston-type wave generator able to generate both regular
and second-order irregular waves characterised by target spectra shape (e.g., PM,
JONSWAP, TMA, double). The wave generator is equipped with an Active Reflection
Compensation system and a mild coarse and rocky spending beach (~1V:10H) is placed
at the end of the flume to reduce as much as possible the re-reflection of the flume wall.
A 2D physical model of a rubble mound breakwater (Figure 1) was built with the toe
placed 29.10 m from the wave generator at the end of a 14.30 m long concrete foreshore
(m=1V:30H). The foreshore was connected to a flat bottom by means of a short 1.1 m
long transitional slope (¥1V:5H) ensuring sufficient depth at the wave generator. To
ensure proper wave shoaling and breaking along the foreshore and avoid the generation
of undesired nonlinear effects due to the presence of the transitional slope, the depth at
the end of the transitional slope (4 in the range 0.59 m - 0.94 m) was ensured greater than
0.025L,,, (being 3.28 m=<L,,<12.05 m), and the foreshore length greater than 3 local

wavelength along the foreshore (Frostick et al., 2011; Eldrup and Andersen, 2024).

During the experimental investigation, wave conditions along the flume were measured
through 8 resistive wave gauges (WGi) with a sampling frequency equal to 40 Hz. Due
to the inherent limitations of reflection analysis in depth-limited conditions, all tests were
conducted with and without the structure to estimate the incident wave bulk parameters
at the toe of the breakwater. Indeed, two different layouts for wave gauges were used: (1)
for tests with the breakwater in the flume, and (i1) for wave calibration without the
breakwater. The wave gauges positions for both layouts are detailed in Table 1, providing
the absolute distance from the wavemaker.

All the incident variables used in the further analyses refer to the incident wave

parameters measured at the WGg in layout (i1) (Figure 1), with no bandpass filter applied

10
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to the acquired signals. The incident wave signals were obtained from the calibration tests
without the structure in place. This approach was chosen because most methods for
separating incident and reflected waves, particularly in the presence of sloping foreshores
and nonlinear waves (Lykke Andersen and Eldrup, 2024), fail to capture the true wave
behaviour. In fact, uncertainties in determining the incident wave parameters stem from
the nonlinear nature of waves, which, in shallow water, transform into breaking rollers.
It should be noted that, although the gauge WG6 is positioned relatively close to the toe,
the measured wave height may differ somewhat from the value directly at the toe, which
can be approximately 77% of the height recorded at WG6. These discrepancies arise from
the challenges of measuring waves in very shallow water depths, but they fall within the

typical uncertainties of physical modelling and are considered acceptable.

The measured free surface elevation from the calibration tests was used to calculate the
incident wave parameters, rather than relying on wave separation methods assuming the
good performance of the active absorption system. To verify the performance of the
absorption system, the measured wave spectra in deep water (WG1) were compared
against the target spectra provided by the wave generation system and with the incident
spectra obtained at the WG2-4 array with the model in place (layout (1)), showing

reasonable agreement.

The primary drawback of this approach is the introduction of errors caused by wave
reflection from the passive absorber during calibration tests. To account for the small but
existing reflection induced by the dissipative beach, the inshore bulk reflection
coefficient, Kr, was computed for all tests without breakwater in the flume
(0.08<Kr<0.32), using the method of Mansard and Funke (1980), as modified by Zelt and
Skjelbreia (1992), with a four-gauge-array among WG3-7 based on the optimal spacing
for the given water and wave conditions.

11
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Since the total waves was measured at a distance of at least one wavelength from the
dissipative beach, it was assumed that the incident and reflected waves were uncorrelated,
allowing for the calculation of the incident wave height, as suggested by Goda (2000),

using the formula H,0=Huo/(1+Kg)">.

2.5 T | T
I WG, WG, 1 1TIWG; ;1 WGy + Layout (ii)
2 il WG, 11w, I WG, 11WG,_, '« Layout (i) 7
£
— 1.5 -
c
=] max SWL = 1.16 m .
= h -
S 1 1V:2H IV:I0H -~
2 "||minswL=0.81m -
w
0.5 -
0 ! ! I I I \ \
0 5 10 15 20 25 30 35 40 45

Absolute distance from the wavemaker [ m ]
Figure 1. Cross-section of the physical model and wave gauges (WG;) locations with

(layout (1)) and without (layout (i1)) the breakwater in the flume.

Table 1. Wave gauges absolute distance [ m | from the wave generator.

Layout WG WG WGs WGy WG5S WGs WGr WGs
(1) 0.66 11.8 12.6 13.2 21.2 28.20 28.65 -
(ii) 0.66 24.26 27.16 27.88 28.35 28.65 28.85 31.00

The structure was a conventional non-overtopped rubble mound breakwater without a toe
berm. A small wooden slat, approximately 5 mm thick, was fixed seaward on the seabed
near the toe, just in front of the bottom row armour rocks. Its purpose was to prevent the
stones from sliding over the smooth surface during the tests, ensuring that wave forces
acted primarily upslope, roughly 3 to 4 armour units from the toe. Very shallow water are
the only scenarios where most of the wave energy is concentrated at the structure toe. In
such cases, the presence of the wooden slat may slightly underestimate the observed
damage. However, in real-world conditions, stones are likely to encounter resistance from
accumulated sand, which is absent in the flume. Thus, these two factors effectively

balance each other, aligning the lab results more closely with field conditions.

12
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The breakwater was 0.9 m high with a 0.2 m wide crest. The dimensionless crest
freeboard (R./Hmo;) above the still water level (SWL) was in the range of
1.99<R./Hn0,<21.79, ensuring the avoidance of overtopping conditions. The breakwater
was protected by a double armour layer of rocks, randomly placed, with a front/rear slope
of a=1V:2H. The armour layers consisted of natural rocks provided by a local quarry.
The placement of rocks can be considered bulk-random, and their shape can be assumed
as equant and fresh, according to the definition given by Latham et al. (1988). Therefore,
in the present work, it can be assumed that no significant differences occurred between
expected and predicted results, namely c,~=1.0 and c¢z,=1.0 (van der Meer, 2021). The
thickness of the armour and filter layers were determined as 2D,so and 0.5Ds0,

respectively.

Four breakwater configurations (BW;) and four water levels (WL;) were tested across five
different test series (T1), denoted as T1 (BW; and WL, #=0.40 m), T2 (BW> and WL,
h=0.20 m), T3 (BW3 and WL3, #~=0.10 m), T4 (BW4 and WL3, #=0.10 m), and TS (BW4
and WL4, #=0.05 m) (Figure 2). Notably, the structure with the highest water depth (T1)
was the only configuration with an underlayer composed by stones approximately half
the size of those in the armour layer, whereas the other structures consisted of an amour

layer atop the core material.

13
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a) T1 BW, b) T2 BW,
= Dn50,ammur = 0.046 m B Dn50,zmnow =0.034 m
B D ns0,undertayer = 0.024 m I D wso,core = 0.01 m

02m

h=04m
(WLy)

3.8m 3.8m
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02 B8 D st urmonr = 0.024 m
B 1 Duso,core = 0.01 m

BW,
B D s0.armour = 0.0138 m
DnSD,care =00lm

3.8m 38 m

D nb0,armair = 0.0138 m
J Dn‘}i),mre = 0.0l m
h=005m  1L=7

WLy T

38m
Figure 2. Layouts of the tested rubble mound breakwaters.

Figure 3 and Table 2 report, respectively, the sieving curves and the main characteristics
of the rocks for each configuration, along with the notional permeability factor (P)
calculated as proposed by Eldrup et al. (2019). Results show that the structure
configuration BW4 (Figure2d,e) closely resembles a homogeneous structure (P=0.55),
whereas the cross-sections with the lowest P-values (BW; and BW: in Figure 2a,b) are
characterised by P-values close to 0.40, in line with the outcomes reported in van der

Meer (1988).

Table 2 also reports the Duso.cor/Daso Tatio, the grading uniformity coefficient (Dss/Dis), the
length-to-thickness ratio (L7), and the blockiness coefficient (BLc) used to assess the
grading and the rough angular shape of rock in the armour layers for BW;, BW> and BW3,
following the procedures outlined in the Rock Manual (CIRIA/CUR/CETMEF, 2007).
For the BW4 configuration, the small dimensions of the stones did not permit conducting
the same grading and shape characterisation as performed for the other configurations.
These parameters were obtained by averaging the values from 20 samples randomly taken

14
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from the grain population, as shown in Figure 4, where the standard deviation (std) for

each sample population was also calculated.
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Figure 3. Rock sieving curves of the rock material used in the experiments.
Table 2. Main characteristics of rocks.
Breakwater configuration BWi BW: BW; BW4
Duso [ m ] 0.046 0.034 0.024 0.0138
DnSO,underIayer [ m ] 0.024 - - -
Dinsocore [ M ] 0.01 0.01 0.01 0.01
Dns0,core/Dnso [ - ] 0.21 0.29 0.41 0.71
Dss/Dis— armour [ - ] 1.26 1.27 1.20 1.28
LT —armour [ - ] 1.35 1.41 1.46 -
BLc —armour [ % ] 47.79 36.28 38.18 -
P-values [ -] 0.37 0.40 0.47 0.55
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Figure 4. Shape characterisation of the material used in the experimental campaign:
length-to-thickness ratio (on the left) and blockiness coefficient (on the right).
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The density of the stones was p,=2576 kg/m?, and the porosity of the core (n) was assumed
equal to 0.40 (Rock Manual, 2007). In the present study, the Reynolds number was
calculated for both the armour layer (R.4) and inside the porous core (R.p) to assess the
flow regime inside the structure and the potential occurrence of scale effects (e.g., Wolters
et al., 2009, 2014; Scaravaglione et al., 2024). In intermediate and shallow water R4
exceeds 3x10% and, hence, no scale effects are expected. In shallower conditions (i.e.,
T3, T4 and T5), Re results 0.75x10%<R.4<2x10%, indicating that some scale effects could
be present. Specifically, for T4 and T5, R.4 is slightly lower than 1x10%, and the test data
can be considered slightly conservative, meaning that the corresponding damage to the
prototype structure may be slightly less than those observed in the model tests (Hudson,

1975).

3.2 Test programme

A total of 33 tests were conducted to investigate the hydraulic stability of steep rock-
armoured rubble mound breakwaters. Experimental tests were grouped for each
configuration into two series, each one with increasing wave height and wave period at
the generator, while maintaining a constant target offshore spectral wave steepness (s-
1,0,0) equal to 0.024 and 0.048, to simulate a storm with nonstationary conditions. After
each test, the structure was always rebuilt before the start of the subsequent test. For each
test, a minimum of 1000 waves were generated to examine the initiation and progression
of breakwater damage, employing a JONSWAP spectrum with an enhancement factor
y=3.3. For some tests, damage was also measured after 3000 waves, as no significant
damage occurred after the initial 1000 waves. Tests were stopped before reaching 1000
waves when the underlayer (for T1) or the core (for T2, T3, T4, TS) became visibly

exposed to waves. In such cases, the reduced test duration (#-) was used to correlate the
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297  damage value with the exact number of incident waves, calculated as N,,=t,/Tn, where T},
298 is the mean wave period in the time domain. In shallow water, since 75, near the toe of
299  the breakwater may vary and directly impacts the wave count measurement, the N, in
300  deep water conditions (75,,) was considered. Before each test series, the rubble mound
301  breakwater was exposed to a shake-down test characterised by low energy, to compact
302  the armour rocks and settle the structure (Hughes, 1993).

303  The data obtained from these experiments encompass tests conducted under intermediate,
304  shallow, very shallow, and extremely shallow water conditions, with and without wave
305  breaking on the foreshore, including also surging and plunging breaking waves. The
306 experimental investigation provided new stability data in very and extremely shallow
307  water (h>1.5). Specifically, among the 33 tests, 7 were performed in intermediate
308  (h=0.40 m), 10 in shallow (A=0.20 m), 10 in very shallow (4=0.10 m), and 6 in extremely

309  shallow water (h=0.05 m).

310  Table 3 summarises the main characteristics of the experimental programme, including
311  the number of tests for each breakwater configuration (N), the water depth at the
312 breakwater toe (), the relative depth (%,), the measured offshore spectral wave steepness

313 (sm-1,00) and the measured stability number ().

314  Table 3. Main characteristics of the performed tests.

Test ID T1 T2 T3 T4 TS
Breakwater configuration BW, BW2 BW3 BW4 BW4
Water level WL, WL WL3 WL; WL4
N[-] 7 10 6 4 6
h[m] 0.40 0.20 0.10 0.10 0.05
he[ -] 0.42-0.75 0.71-1.40 1.49-2.54 1.49-2.03  2.98-4.94
Sm-1,0,0[ - ] 0.024-0.051 0.025-0.047 0.024-0.046 0.024-0.046 0.024-0.046
Ns=Huo,/ADns0 [ - ] 2.01-3.44 2.26-2.95 1.47-2.17 2.56-3.39  1.71-2.63
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3.3 Damage measurements

Damage measurements were conducted using a high-density laser profiler provided by
HR Wallingford. Ten transects were sounded at intervals of 0.10 m across the width of
the flume. To avoid boundary-laboratory effects, clearances of 0.20 m and 0.30 m were
maintained from the left and right side walls of the wave flume, respectively. In the
analysis, the corner of the structure corresponds to the origin of the local reference system
(x=0, y=0, z=0), where the x-coordinate represents the longitudinal distance positively
towards the external side of the structure, the y-coordinate is the transversal direction
positively in the wave propagation direction, and the z-coordinate indicates the vertical
direction positively in the upper direction (Figure 5a). The laser profiler provides a
measurement resolution of + 0.5 mm in both the y and z direction, with the same positional
accuracy guaranteed by the traverse laser support system (Atkinson and Baldock, 2016;
Marino et al., 2022, 2023).

The damage analysis followed similar procedures used by van der Meer (1988) and van
Gent et al. (2003), to ensure consistent and reliable comparisons among data derived from
different laboratory studies. Profiles were obtained before and after each test, referred to
as the mean initial (reference) and final profiles. As explained in Section 3.2, the damage
was measured after 1000 waves for almost all tests. When failure did not occur after 1000
waves, the test was continued up to 3000 waves (1000+2000), without reconstructing the
armour layer.

Figure Sb illustrates an example of reference and post-1000 wave profiles (test T1),
namely the initial and final mean elevation (z) relative to the local reference system (z=0),
averaged over the measured transversal transects. The eroded (4.) and accretion (A4,) areas
were calculated as the integral function of the area under the negative and positive values

of the average spatial evolution of the slope (dz), also including minor displacements. The
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damage level S was then estimated as A./Dnso’. Table 4 reports the slope damage range

measured during the experimental investigation for each test.

Table 4. Measured damage level ranges for each test series.

T1 T2 T3 T4 T5
Slope damage: S| - ] 1.8-20 1.4-11.05 1.3-3 9.6-18.4 1-8.21
0. ,—Me'an initi'al profilye

—Mean final profile - after 1000 waves

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

>
(=]
0
N
~
dz[m]
o

~0.05 | WWA, = 0025 - 5, =117
(o] A, = 0.021 - sAa =9.86

-0.1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
x[m]

Figure 5. On the left: Reference coordinate system and 10 transects across the flume
width. On the right: Example of reference (red solid lines) and final (black solid lines)
averaged profiles measured for the test T1 after 1000 waves (Top right). Spatial evolution
of slope elevation changes (dz) with respect to the initial slope (Bottom right): erosion
area (red) and accretion area (grey).

4. Wave analysis
The wave analysis was based on the time series of the incident waves recorded in front
of the toe of the breakwater without the structure in the flume. Table 5 reports the
dimensionless parameters derived from the analyses and the range covered by the entire
dataset. In Figure 6 the measured offshore spectral wave steepness (Sm-1,0,0=Hmo,0/Lm-1,0,0),
the relative wave height (Hn0,/Hmo,0), the ratio H»v, /H;, , and the relative wave period (7-
1,0/Tm-1,00) are plotted against the relative depth (4, computed at the toe of the

breakwater.

Table 5. Wave characteristics for each test series.
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Main parameters T1 (WLy) T2 (WL2) T3-T4 (WLs) T5 (WL4) Total

Hino,o/h 0.42-0.75 0.71-1.40 1.49-2.54 2.98 -4.94 0.42 -4.94
H>o,/Hs,s 1.20-1.37 1.20 -1.31 1.29-1.32 1.31-1.43 1.20-1.43
Hino,/Hs,: 0.90-0.99 0.89 -0.98 0.96 -1.04 1.00-1.11 0.89-1.11
Tp.o/Tm-1,0,0 1.05-1.12 1.02 -1.09 1.00 - 1.09 1.01 -1.13 1.00-1.13
Hino,/Hmoo 0.83-1.03 0.57-0.96 0.57-0.96 0.21-0.28 0.21-1.03
Ton-1,0./Tim-1,0.0 1.00-1.11 1.09-1.36 1.53-2.30 242 -3.40 1.00-3.40
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Figure 6. Wave characteristics as a function of the relative depth.

Previous data from van Gent et al. (2003) covers shallow and very shallow foreshore
conditions but does not include low steepness waves, whereas data from Eldrup and
Andersen (2019) supplements the van Gent et al. (2003) dataset, also covering smaller
wave steepness till to su,-1,00,=0.01. Figure 6a shows that new experimental data cover
real sea wave conditions (wind waves) in the range 0.02<s,-1,0,,<0.05, typically
considered in design scenarios. Figure 6b illustrates that two of the sea states experienced
a small amount of shoaling (Hno,/Hmo,» slightly above 1) under relatively intermediate
conditions before reaching the structure toe, and hereafter, breaking is observed as the
relative depth decreases. In extremely shallow water conditions, the wave height

significantly decays up to 20% of the offshore spectral one. Tests involving low steepness
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waves in shallow foreshore exhibit high nonlinearity and shoaling processes in

intermediate water conditions, whereas the others break due to a large wave steepness.

Figure 6¢ shows that in deep waters, where wave breaking is absent, wave heights can
be assumed to be Rayleigh distributed, and the ratio H», /Hy, tends to 1.40. As waves
propagate and shoal towards the shore, nonlinear shoaling process enhances individual
wave heights, leading to a deviation in the wave height distribution from the expected

Rayleigh distribution. After waves enter the surf zone, the random wave breaking process

strongly modifies the wave height distribution. The ratio, indeed, decreases from 1.4
down to 1.2 in shallow water (4,>0.75), where the ratio begins to increase again and tends
to stabilise at very shallow water around 1.3, increasing once more in extremely shallow
water (4,>3) up to 1.40. Consistently with the findings reported by Goda (2010, 2012),
the wave height distribution returns to follow the Rayleigh one as waves approach the
shoreline.

The trend of the relative wave period (7n-1,0,/Tm-1,0,0) against the relative depth is depicted
in Figure 6d. Infragravity (IG) waves in the wave flume are likely to significantly
influence wave parameters, especially Ti-1,0. As waves propagate along the flume, the
spectral wave period at the toe increases, reaching nearly four times the deep water period
under extremely shallow conditions, due to wave transformation along the foreshore
(Hofland et al., 2017). This means that almost all the energy in the proximity of the peak
of the spectra is dissipated due to wave breaking at the same time as IG energy is increased
and such a behaviour is more pronounced as the relative depth increases, particularly in

very and extremely shallow conditions.

Figure 7 reports the ratio Hy /H 0, plotted against the nonlinearity parameter for all tests,

corresponding to the two target deep wave steepness values. Goda (2010) described the
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nonlinearity parameter as I7)= L'" =

3
coth(znh> , where L., is the local wavelength

m,o Lm,o

calculated with 75,. For 11,<0.2, data show that the ratio H,,/Hmo, is approximately 1, but
a clear difference is observed in the range 0.2< I1,<1, where Hy,/Hno, increases, reflecting
the expected mean behaviour for low steepness waves according to Goda (2010). For
11,>1, the ratio decreases to around 0.9. In relatively shallow water wave nonlinearity
increases with an increase in wave height. As waves approach the shore, they undergo
nonlinear shoaling, resulting in wave profiles with high and sharp crests and low and flat
troughs. This nonlinearity effect becomes most pronounced around the outer edge of the
surf zone. Within the surf zone, waves begin to break, and nonlinearities are gradually
lessened, in accordance with wave steepness. Specifically, low steepness waves
experience significant nonlinear shoaling before breaking, whereas high steepness waves

break earlier.
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Figure 7. Wave height ratio as a function of the nonlinearity parameter.

Figure 8 provides further insights into the energy spectral spreading during wave
propagation in shallow water by showing the ratio m'% /m™7, at varying relative depth,

Gy, represents the infragravity (IG) wave energy component, and m 0T,

where m!
represents the total wave energy, both evaluated at the structure toe. The inset plot shows

an example of the density spectrum for a test in very shallow water (T4), evaluated at the
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toe, highlighting the dominant peak frequencies. As water depth decreases, wave breaking
begins, causing dissipation of energy at the peak and higher harmonic frequencies, while
energy at lower frequencies continues to increase. Due to the very long wavelengths of
these low-frequency waves, they do not break, and the substantial energy present at these
lower frequencies explains the observation of large wave periods in shallow water. The
spectrum clearly indicates significant energy in the infragravity frequency band in very
shallow water. Results, indeed, demonstrate that, in the deep water, the infragravity waves
minimally contribute to the total wave energy, but this contribution becomes
progressively more significant as the water depth decreases. The most noticeable increase
in the ratio occurs in extremely shallow water, where m'% /m™7y, values are the highest

and the energy of IG components reach also the 60% of the total wave energy.
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Figure 8. Ratio m'% /m™7, as a function of the relative depth. The inset plot reports an
example of the energy density spectrum for T4, at the wave gauge WGe.

In Figure 9 the spectral wave steepness computed at the toe of the structure is reported
as a function of the relative depth (%,). It was computed using Hyuo,:and Ly-1,0,,, Where Ly,
1,0, was calculated using the deep water wavelength formula, with the spectral wave
period at the toe (7i-1,0,1). Since the spectral shape changes significantly in extremely
shallow water the wave steepness becomes very low. The increased energy at lower

frequencies results in an exceptionally large spectral wave period. However, it is
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important to emphasise that the total wave steepness is dominated by the energy at the
lower frequencies making it less representative of the wave field and the steepness of the
short waves. As expected, the wave steepness ratio (s,,.10,/Sy-1,0,) increases from
intermediate to extremely shallow water conditions. However, it should be noted that in
such conditions, waves break over a wide surf zone on the foreshore and not directly on
the structure slope.
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Figure 9. Influence of the relative depth on s, /5.1, for different shallowness
conditions.

In Table 7, the datasets utilised for the calibration of the stability formulae compared
with the new experimental data (van Gent et al., 2003; Eldrup and Andersen, 2019;
Etemad-Shahidi et al., 2020), are reported together with the range of the main parameters
explored in this experimental investigation. Specifically, the new dataset covers ranges
of the relative water depth at the structure toe (%) from 0.42 to approximately 5, extending

the previous range of investigation.
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Table 7. Range of parameters used for calibrating design formulae.

Rock stability formulae valid in shallow water conditions

Van Gent et al. Eldrup and Etemad Shahidi et Present stud
(2003) Andersen (2019) al. (2020) Y
Van der Meer
Van Gent et al. (1988)
. " Van(ld ;gé\)/[ eet (2003) Thompson and
Datasets used for stability Eldrup et al, (2019)  Shuttler (1975) EUMER
formulae calibration Van Gent et al
’ Eldrup and Van Gent et al.
(2003) p
Andersen (2019) (2003)
Vidal et al. (2006)
Parameters
Structure slope angle: cota 1.5-6 1.5-4 1.5-6 2
Foreshore slope angle: cotm Flat, 30, 100 30, 100 Flat, 30, 100 30
Dyso [ m ] 0.022 - 0.21 0.022 - 0.044 0.0164 - 0.21 0.0138 —0.046
Dis0,core/Dnso 0.0-1.0 0.0-0.45 0.0-1.0 0.21-0.71
Relative mass density: 4 0.90 —2.05 1.62-1.75 0.92 -2.05 1.576
Notional permeability: P 0.10 - 0.60 0.10-0.50 0.1-0.6 0.37-0.55
?ffShore wave steepness: 0.004 - 0.064 0.009 — 0.063 0.004 —0.081 0.020 — 0.049
Offshore surf similarity 0.67—7.58 1-6.77 0.67—7.58 2.26-3.54
parameter: &uo
Relative depth at the 0.058 1.5 0.18-1.5 0.038— 1.5 0.42 - 4.94
structure toe: A,
Stability number: Ny 0.7-4.38 0.7-4.27 0.7-4.38 1.47-3.44
Slope damage: S <62 <62 <62 1.01 -20.03
Number of waves: Nw <3000 492 - 5172 492 - 5172 652 - 4064
Number of data: N 579 + 207 207 + 68 791 55
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5. Results

5.1 Damage analysis

The relationship between damage values (S) and stability numbers (N;) computed at the

toe of the breakwater is typically represented by a power relationship (Eq. 6):

S=a(N;)" Eq. 6
where ‘a’ and ‘b’ are regression coefficients calibrated using measured values through
the nonlinear least squares method. Specifically, the coefficient b defines the shape of the
damage curve and has been recognised as the reference coefficient for comparing damage
curves from different datasets. Van der Meer (2021) has underlined that a proper
comparison among damage results from different experimental investigations is possible
if the exponents of the damage curves are comparable. Hence, in the present work, the
same methodology described by van der Meer (1988) was replicated to derive the
coefficient of the damage fitting curve from the new experimental data. Overall, the
exponent ‘b’ was found to fall within the range 4.09<b<5.07, yielding shape factors for
the damage curve ranging from S=f{Ns?) to S=f(Ns’) similar to previous studies, where
b=5 was found. In the analyses, S-values in the range 1<S<15 were considered, as larger
values fall outside the range of practical relevance. Accordingly, in Figure 10 the
experimental damage curves are plotted against the stability number for both deep target
steepness along with the 5-power regression line (dotted curve) for each breakwater
configuration (BW;). Results show that, as expected, in all tests the damage increases as
the stability number increases and no evident differences can be observed between the
two wave steepness values. For the BW4 configuration tested at two different water levels
(WL3; and WLs), it was observed that, despite the same structure configuration, the

stability behaviour varied under different water level conditions likely because different
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wave steepness do not follow the same stability curve in deep water, and therefore it is

not expected they would in shallow water either.

The following subsections present the analyses on the influence of shallow water

conditions on the stability of a rock-armoured steep breakwater. This is achieved by

evaluating the accuracy of the formulae developed by van Gent et al. (2003) (VG, Eq. 3),

Eldrup and Andersen (2019) (EA, Egs. 4a and 4b), and Etemad-Shahidi et al. (2020) (ES,

Egs. 5a and 5b) against newly acquired experimental data. First, the accuracy of the

original formulae is assessed relative to this new data. Then, the formulae are recalibrated

to account for shallow water conditions, with the data categorised by water levels and

new regression coefficients calculated. Modified versions of the VG and ES formulas are

also explored to fit the new experimental data and are specifically valid for the range of

application investigated here, incorporating the incident wave steepness to better capture

the effects of shallow water.
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Figure 10. Slope armour damage S against the stability number Ny=H,no,/A4Dy5o0.
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5.2 Comparison with existing formulae valid in shallow water

5.2.1 Van Gentetal. (2003)

Figure 11 reports the observed dimensionless damage according to the VG expression
(Eq. 3), with the experimental data aggregated into 4 groups based on the investigated
water levels: intermediate (red squares, #=0.40 m), shallow (blue squares, #=0.20 m),
very shallow (green and magenta squares, #=0.10 m), and extremely shallow (black
squares, #=0.05 m) water. The theoretical curve (blue line, with cy6=1.75) derived from
Eq. 3 is also plotted. With respect to the theoretical regression line, a good prediction of
damage i1s observed for very shallow water (tests T3 and T4) in both breakwater
configurations (BW3 and BW4) at the same water level, regardless of the permeability.
However, an overestimation of the predicted damage for intermediate/shallow water
(tests T1 and T2), and an underestimation of damage for extremely shallow water (test
T5) are observed. Therefore, for each water level, the formula was refitted to derive a new
regression coefficient cyg, to better fit the experimental data. In these analyses, the time-
domain significant wave height (Hj) is replaced with the significant spectral one (Hmo) to
minimise the influence of spectral shape and wave nonlinearity effects compared to low
exceedance time domain wave heights (e.g., Hy or H»y). Moreover, frequency-based
parameters (Hno and Ty-1,0) are commonly used in practical design and typically derived
from numerical wave models, making them readily available without relying on empirical
relations, unlike time domain parameters that necessitate detailed knowledge of the wave
height distribution.

Results show that data in intermediate (4=0.40 m) and shallow (A=0.20 m) water exhibit
similar behaviour (red dotted line, cyG=2.3) and can be clustered, whereas data in
extremely shallow water (4=0.05 m) are well represented by Eq. 3 if a regression

coefficient cyg equal to 1.5 is used (black dotted line).
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Figure 11. Refitting of the van Gent et al. (2003) formula with the new data.

From these results, the primary conclusion is that data corresponding to different water
levels at the toe of the structure do not converge into a single formula and exhibit high
uncertainty when cyg=1.75 is applied uniformly for all data. Therefore, Eq. 3 can be
adjusted to account for the effects of shallow water conditions. Figure 11 shows that the
recalibrated van Gent formula exhibits a better agreement with the experimental data if
different water levels are considered separately. In this context, the influence of the
spectral wave period becomes evident.

Based on these findings, a new formula is developed to fit the new experimental dataset
and provide better insights into the effects of shallow water. Eq. 3 was modified by adding
the influence of the spectral wave steepness (wave period) computed at the toe of the
structure as a function of Hyo. All incident wave parameters were computed at the toe of
the structure and sm-10 was calculated using the deep water wavelength formula,
considering the incident wave parameters at the toe of the breakwater. Results are
reported in Figure 12 and demonstrate that the modified formula (Eq. 7), provides a better

prediction of the observed damage for the new dataset if a regression coefficient cyG, new
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equal to 3.3 is used, across the different shallowness conditions investigated in the present

study.
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Figure 12. Refitting of the simple formula of van Gent et al. (2003) according to Eq. 7.
5.2.2  Eldrup and Andersen (2019)

Figure 13 presents the new data plotted alongside the stability formulae proposed by
Eldrup and Andersen (2019) (EA, Eq. 4). For each breakwater configuration, the
permeability factor P, reported in Table 3, was estimated based on the method proposed
by Eldrup et al. (2019).

Results show that only a few tests in intermediate waters experience plunging breaking
waves on the structure (Figure 13a), whereas all the other data experienced surging
breaking conditions (Figure 13b). The observed dimensionless damages are calculated

using Egs. 4a and 4b, shown in Figures 13a and 13b, respectively, where the black solid
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curves represent the theoretical predicted damage, with a regression coefficient cz41 equal
to 4.5 in plunging breaking conditions and cz42 equal to 3.1 in surging ones. Results reveal
that, in both breaking conditions, the predictions generally overestimate the observed
damage, and such a difference increases as the damage level increases. In surging
conditions, the empirical equation aligns better with the observed low damage values in
very and extremely shallow water conditions (black and green squares), even if the bias
increases in extremely shallow water when the structure is subjected to higher damage
levels. In all other conditions, the predicted damage is overestimated. In both graphs, the
recalibrated regression lines based on the newly acquired data are shown, showing a better
fit with a regression coefficient cz41 equal to 5.75 for plunging conditions in intermediate
waters, and ceq2 equal to 3.4, 4.0 and 4.2 for very shallow, intermediate and shallow

conditions, respectively.
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Figure 13. Refitting of the Eldrup and Andersen (2019) stability formula for different
shallowness conditions: a) plunging waves; b) surging waves.

5.2.3 Etemad-Shahidi et al. (2020)

A similar comparison was also conducted using the stability formula proposed by
Etemad-Shahidi et al. (2020) (ES, Eq. 5). Figure 14 reports the new data plotted

according to Eq. 5b, namely for surging conditions, since ¢, | ,,=1.8 is observed for the

entire dataset. Also in this case, the primary conclusion remains that new data, referring
to different water levels, do not tend to collapse into a single cluster and are overestimated
by the original formula with a regression coefficient cgs> equal to 3.9. Experimental data
under intermediate conditions show less deviation from predictions compared to other
shallowness conditions. Thus, data were grouped by water levels, and the new regression
coefficients were determined for the original equation. Specifically, results demonstrate
a good estimation of damage for deep, shallow, and very and extremely shallow water
conditions with cgs2=4.56 (dotted red line), ces2=5.45 (dotted blue line), and cgs2=6.98

(dotted black line), respectively. In this last case, very shallow (A=0.10 m) and extremely
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shallow (£=0.05 m) conditions exhibit the same behaviour and were aggregated. As with
the VG equation, the effect of the spectral wave steepness was incorporated into the

formulation, specifically aimed to fit the new experimental dataset, as reported in Eq. 8:

Ty

Ho 6

surge if § | ;>1.8 Eq. 8
AI)nSO ’

1
I
=cesnewCpN,, "cOta3S

20

m-1,0
Results shown in Figure 15 demonstrate that incorporating the spectral wave steepness
into the model leads to a good correlation between the data and the expression for all
conditions with cgsnenw=3.55 (Eq. 8). In the original formulation, the spectral wave
steepness is explicitly incorporated within the surf similarity parameter. In this approach,
the structure slope and wave steepness are treated as separate variables, as the surf
similarity parameter may not be the most effective parameter for characterising both
influences simultaneously. This new formulation was necessary, particularly under
shallow water conditions, to recalculate both the regression coefficient cgsnew and the
power exponent of the wave steepness, which was observed to differ from the exponent
of the surf similarity parameter. As for the VG formulation, the wave steepness power
was incorporated into the ES equations by first establishing its physical influence, given
the direct proportionality of the stability number (Ny) to wave steepness (sm-1,0), and then

calibrating the optimal exponent to fit the new experimental data.
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6. Conclusions and future perspectives

Rock armour stability has been studied using physical model experiments with rubble
mound breakwaters in shallow water with various hydrodynamic conditions with severe
wave breaking along a 1V:30H foreshore. Four distinct breakwater configurations and
water levels were tested, ranging from deep to extremely shallow foreshores, for a total
of 33 tests. The aim was to investigate the influence of very and extremely shallow water
conditions (4, up to 5), which have hardly been tested systematically before. The
experimental results were utilised to assess the performance of existing stability formulae
specifically designed for such conditions, namely those proposed by van Gent et al.
(2003) (VG), Eldrup and Andersen (2019) (EA), and Etemad-Shahidi et al. (2020) (ES)
using the newly obtained data. Initially, the accuracy of the original formulae was tested
against the experimental findings, highlighting discrepancies in their performance. To
address these issues, the formulae were recalibrated grouping the data based on water
levels, and new regression coefficients were derived to better fit the new experimental
data. Additionally, modified versions of the VG and ES formulae were developed to
account for the effects of incident wave steepness, improving their ability to reflect
shallow water dynamics.

The application of the original formulation by VG to the new data reveals that data
pertaining to different water levels at the toe of the structure do not converge into a single
formula and exhibit significant uncertainty when a unique coefficient (crg=1.75) is
applied. While a reliable estimation of damage for very shallow water was noted, there
was an overestimation of the predicted damage for intermediate and shallow water, and
an underestimation in extremely shallow water. This means that the influence of shallow

water is not properly incorporated in the stability equation. Therefore, for each water
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level, the formula was recalibrated to derive new regression coefficients cys, depending
on water levels, showing that data in intermediate and shallow water exhibited similar
behaviour (cyg =2.3), whereas data in extremely shallow water were well predicted if a
regression coefficient cyg =1.5 was used. For our dataset, a more accurate prediction of
the observed damage was achieved if the influence of the incident wave steepness was
considered. Indeed, a new equation (Eq. 7) was derived specifically valid in shallow water
with ¢rG new =3.3.

Discrepancies between observed and predicted damage were noted also for the formulae
proposed by Eldrup and Andersen (2019) and Etemad-Shahidi et al. (2020). For EA
formulation, the comparison among predicted and observed damage measurements
showed that, in both surging and plunging breaking conditions, the predictions generally
tended to overestimate the observed damage as the damage level increases. Under surging
conditions, the observed damage was more accurately predicted especially for low S-
values in very and extremely shallow water. The bias grew in extremely shallow water
when the structure experienced higher damage levels. The recalibration of the formula,
based on the new acquired data, showed a better fit with a regression coefficient cz41=5.75
for plunging conditions in intermediate waters, and ce42 equal to 3.4, 4.0 and 4.2 for very
shallow, intermediate and shallow conditions, respectively.

The stability formula proposed by Etemad-Shahidi et al. (2020) (Eq. 5), applied to surging
conditions for the entire dataset, showed that the main finding remained consistent. The
new data, corresponding to different water levels, did not converge into a single cluster
and were generally overestimated. In intermediate conditions, a lower bias was observed
compared to the other water levels. Consequently, new regression coefficients were
calculated, providing accurate damage estimates for deep, shallow, very/extremely

shallow conditions with coefficients ces> equal to 4.56, 5.45, and 6.98, respectively. As
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with VG equation, the impact of wave steepness was integrated into the formula (Eq. 8),
resulting in a good prediction of the new data with cgsnev=3.55. In this context, the
structure slope and wave steepness were treated as separate variables, as the surf
similarity parameter may not be the most effective parameter for characterising both
influences simultaneously.

It is important to emphasise that the dataset used in this study is relatively small and is
closely tied to particular wave conditions and structural layouts. This limitation poses
challenges when attempting to generalise the derived equations to broader contexts.
Consequently, further experiments are necessary, particularly under very shallow and
extremely shallow water conditions, while also accounting for varying foreshore and
structure slopes. This will allow for a more comprehensive evaluation of the proposed
formulae, ultimately enhancing their utility and reinforcing their applicability in real-

world engineering applications.
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Glossary Name Symbol Unit

Name

Structure seaward slope angle

Spectrum enhancement factor

Relative buoyant density of the rock armour
Surf similarity parameter using H,o and T
Surf similarity parameter using Ho and T.-1,0
Transition surf similarity parameter in EA formula
Surf similarity parameter using Hy and 7,10
Transition surf similarity parameter
Nonlinearity parameter

Density of the armour rock

Density of the water

Eroded area

Accretion area

Regression fitting parameters

Blockiness coefficient
Regression fitting coefficients for the stability equations

Stone shape coefficients

P bility coefficient, C,= [1+ —S0core ]
ermeability coefficient, C, ( Do )
Grading uniformity coefficient

Mass exceeded by 85% of a sample by weight

Mass exceeded by 15% of a sample by weight

Armour nominal median stone diameter, D,so = (Mso/p,)"”

Core nominal median stone diameter

Underlayer nominal median stone diameter

Symbol Unit
a [°]
Y [-]
A4 [-1]
c -]
S0 [-]
Sm-1,0,¢ [-1
s-1,0 [-1
1,0, [-1
I, [-1
. [Kg/m'|
o, [Kg/m' |
A, [m?]
Aq [m?]
a, b, [-]
BLc [ %]
CVGy CVGnew,
CEA1y CEA2, [ _ ]
CES1, CES2,
CES,new
Cpl s Cou [-1]
G [-]
Dss/Dis [-]
Dss [m]
Dis [m]
D.so [m]
Duso,core [m]
Dyis0,undertayer [m]
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Spatial evolution of slope elevation changes with respect to the
initial slope

Gravity acceleration

Water depth at toe of the structure

Relative water depth, &,=Hu0../h

Water depth at the end of the transitional slope
Significant wave height in the time domain, H,=H3

Significant (spectral) wave height in frequency domain,
Hm0:4(m0)l/2

Wave height exceeded by 2 percent of the waves in time
domain

Average wave height of the 50 highest waves in the time
domain

Wavelength using T,

Wavelength using T-10

Wavelength using 7,

Length-to-thickness ratio

Foreshore slope angle

Zero™ moment of the frequency spectrum
Infragravity (IG) zero™ moment of the frequency spectrum
Total zero™ moment of the frequency spectrum
Median mass of the armour rock grading
Porosity of the structure core

Number of observations

Stability number

Number of waves

Notional permeability factor

Reynolds number at the armour layer
Reynolds number inside the structure core
Crest freeboard above the still water level
Root Mean Square Error

Determination coefficient

Damage level

Wave steepness using H,,0 and T,

Wave steepness using Huo and T-10

Negative spectral energy wave period, Tr-1,0=m.1/mo

Mean period

dz

h;
h:
H;

H o
H,e,

His0

L

Lin-1,0

LT

mlGO

TOT0

Sm
Sm-1,0
T

Ivln

[m]
[ m/s?]
[m]
[-1]
[m]

[m]

[m]
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858

Peak wave period
Duration of the test

Longitudinal coordinate positive towards the external side of
the structure

Transversal coordinate positive in the wave propagation
direction

Vertical coordinate positive in the upper direction

[s]
[s]

[m]

[m]

[m]
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