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The role of adaptive solutions for reducing coastal risks is a crucial issue that is increasingly captivating the coastal
community. The present work analyzes attached/detached rubble mound breakwaters designed to protect vertical walls
with very shallow foreshores. In particular, we aim to understand the behavior of these protective structures in reducing
wave overtopping at seawalls and, thus, softening flooding risks. Laboratory data and CFD numerical experiments have
shown that these adaptive solutions have a beneficial effect as long as the seawall is not located in the inner surf zone.
Finally, we have provided mean overtopping discharge predictive tools for walls protected by either attached or
detached breakwaters.
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INTRODUCTION

Coastal engineers are facing new challenges in designing sea defenses to mitigate the flooding risk
of coastal areas, especially because of the sea level rise expectations. Particularly, adaptive solutions that
increase the protective capability of classic defense structures are increasingly engaging coastal scientific
and engineering communities (e.g. Salauddin et al., 2021; Dong et al., 2021; Pratola et al., 2021).
Moreover, the literature recently focuses on sea defenses located under depth-limited conditions, as the
sea level rise might increase the wave loadings at the structure (Van Gent, 2024; Mata and Van Gent,
2023).

There are different types of adaptive solutions, which can be distinguished according to their effect.
Solutions that consist of modifying the structure shape (such as designing a recurved wall or introducing
a berm in the seaward slope) act by increasing the dissipation on the structure; on the other hand, some
solutions attempt to act by dissipating energy before waves reach the structure (e.g., introducing a beach
nourishment or a rubble mound breakwater in front of the existing structure). Nonetheless, in contrast to
the former group, a few works have dealt with the second type of adaptive structures.

In this work, we have analyzed seawalls protected by rubble mound breakwaters, either attached or
detached. Specifically, we have investigated their effect in reducing wave overtopping. The analysis
encompasses laboratory and numerical experiments. Indeed, numerical models represent nowadays a
valid instrument for accurately studying wave effects on both beaches and man-made-structures (Mata
and Van Gent, 2023; Di Leo et al., 2022a,b; Chen et al., 2022; Castellino et al., 2021; Buccino et al.,
2021; Di Leo et al., 2017). Laboratory data have been derived from a broad physical experimental
campaign conducted at the University of Naples Federico Il (Lopez et al., 2016; 2015) to examine the
wave overtopping at the Malecon vertical wall of La Havana city (Cuba). On the other hand, numerical
experiments have been performed using the CFD model FLOW-3D (Flow Science, Inc., 2009). In
particular, we have adopted the RANS/VVOF innovative procedure of Dentale et al. (2014a,b) to model
the rubble mounds instead of the simplified modelling of porous structures (e.g. Higuera et al., 2014).

The work first aims to understand the behavior of vertical walls in very shallow water protected by
rubble mound breakwaters and, then, tries to evaluate their performance in decreasing wave overtopping.
Indeed, the literature review has highlighted the paucity of adequate tools for estimating the flow rate
reduction. Finally, the work provides empirical design tools for predicting the mean overtopping
discharge of vertical seawalls protected by either attached or detached breakwaters.

PHYSICAL EXPERIMENTAL CAMPAIGN

In this work, we analyze the laboratory data carried out at the University of Naples Federico Il (Lopez
et al. 2015; 2016) to investigate the wave overtopping at the Malecon Traditional, which is the vertical
seawall that protect La Havana city (Cuba) against flooding. Specifically, the Malecon vertical wall and
other several design variants were examined in order to individuate the configuration that would reduce
the mean overtopping discharge. The variants encompass increasing the crest freeboard, modifying the
wall’s profile (i.e. recurved wall) and introducing coastal protective structures, such as rock rubble
mounds or low-crested detached breakwaters. Among the 360 tests, we handle 116 experiments that deal
with either the seawall protected by rubble mound breakwaters (S-RMB) or the seawall protected by low-
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crested breakwaters (S-LCB). Moreover, the Malecon original configuration (i.e., the unprotected
seawall, US) tests have been used to evaluate the protective degree provided by the attached/detached
breakwaters.

The experiments were carried out in a flume long 18.4m and wide 1.55m. The multi-slope Havana
foreshore (Fig. 1a) and the several sea defences were modelled according to the Froude similitude law
using the lengthscale ratio of A = 30.

Two surge values were simulated, namely + 1.73m and +2.28m (in prototype) above the SWL (Fig.
1b). The former corresponds to a return period of 50 years, whereas the latter reproduces the water level
measured in 2005 under hurricane Wilma. For each surge eight random wave sea states described by the
mean JONSWAP spectrum were tested; these generated sea states are characterized by four significant
wave heights (Hmg = 2.7m, 4.0m, 5.4m and 6.5m) and two peak periods (T, = 10s and 12s). According
to the values of hroe/Hmogeep (i.€., Hofland et al. 2017 classification), the Malecon seawall is located in
shallow and very shallow water.

It is worth noting that the incoming wave conditions (i.e. wave characteristics measured at the toe of
the structures) were obtained running the sea-states for 200 waves without any structure in the flume; on
the other hand, the sea-states were run for 1000 waves to measure the mean overtopping discharge.

Further details of the physical experimental campaign can be found in Buccino et al. (2023), Lopez
et al. (2015, 2016).
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Figure 1. Sketch of the physical model: panel a) shows the multi-slope Havana foreshore, while panel b) depicts
the two surge values investigated. Prototype values are reported.

S-RMB experiments

The first configuration concerns the vertical wall protected by rubble mound breakwaters (Fig. 2a
and 2b). In particular, the 36 laboratory data have been gathered using three different layouts that vary
both in crest width, G, and crest freeboard, Ac, while the off-shore slope aof Was kept constant (Table
1). Clearly, using two levels of surge allowed us to analyze emerged, submerged and zero-freeboard
rubble mound breakwaters. As schematize in Fig. 2a, the structures had no core; they are composed by a
median rock size equal to 1.0m in prototype scale. The displacement of rocks was avoided by securing
each structure with a steel grid.

Table 1. Main geometrical features of the rubble
mound breakwaters reported in prototype scale.

aoff [-] Gc [m] Ac [m]
RMB 1 2/3 5.0 +3.28
RMB 2 2/3 20.0 +2.28
RMB 3 2/3 30.0 +1.73
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Figure 2. Vertical seawall protected by rubble mound breakwaters. Panel a) depicts the sketch of the RBMs
investigated, while panel b) shows RMB 1 modelled in the physical experimental campaign.

S-LCB experiments

The second configuration consists in the vertical seawall protected by detached low-crested
breakwaters (Figs. 3a and 3b). For this group of experiments (64 laboratory tests), four LCBs were
modelled; in particular, both the crest width and freeboard were varied, while both the off-shore and
leeward slopes had a fixed value of 2/3, as reported in Table 2. Analogously to the RMBs, the two water
levels tested ensured to investigate the protection degree of emerged, submerged and zero-freeboard
structures. The four layouts were placed at the same water depth at the seaward toe, h, and, thus, are
characterized by a different distance, X, from the seawall (Table 2). Fig. 3d shows that the low-crested
breakwaters were constituted by a core which is protected by an armor of rocks with a median diameter
of 1.46m in prototype. Since in this work we do not take into account the hydraulic stability, we only
consider the experiments performed with a steel grid that avoid the stones’ displacements.

Furthermore, Figs. 3a and 3b highlight that the structures were built raised above the floor to avoid
the piling-up phenomenon (see Calabrese et al., 2008).

Table 2. Main geometrical features of the low-crested breakwaters reported in
prototype scale.

af] Ge [m] Ac [m] h [m] X [m]
LCB1 2/3 30.0 -0.2 5.05 16.44
LCB 2 2/3 30.0 +0.54 5.05 16.44
LCB 3 2/3 22.0 +2.28 5.05 16.98
LCB 4 2/3 12.0 +3.28 5.05 23.53

Figure 3. Vertical seawall protected by low-crested breakwaters. Panel a) depicts the sketch of the LCBs
investigated, while panel b) shows LCB 3 modelled in the physical experimental campaign.

NUMERICAL EXPERIMENTS

To better understand the capability of these protective structures in reducing wave overtopping, we
resort to numerical modelling. In particular, we perform some numerical tests that reproduce — at the
prototype scale — seawalls protected by RMBs.
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Numerical experiments have been carried out using FLOW-3D (Flow Science, Inc., 2009), which is
a popular CFD software that integrates the Reynolds Averaged Navier-Stokes equations combined with
the Volume of Fluid method to track the fluid surfaces.

The peculiarity of these tests consists in the numerical modelling of rubble mound breakwaters;
indeed, we adopt the “microscopic approach” introduced by Dentale et al. (2014a,b) that integrates CAD
and CFD software to reproduce precisely each element of the breakwaters (see Fig. 4). Such a technique
allows to better analyzing the interaction between waves and porous structures.

FLOW-3D

Figure 4. RMB modelled using the approach of Dentale et al. (2014a,b).

In the numerical analysis, we have tested the Malecon seawall protected by the three RMBs of Table
1, using the lower water level (i.e. +1.73m above the SWL) in order to examine the shallower water
conditions. The random sea states investigated are characterized by a range of significant wave heights
that varies between 2.9m and 5.0m, and two peak periods (T, = 10s and 125s).

The numerical domain, which is long 550m, height 40m and wide 3m, had been divided into sub-
domains with different grid sizes, based on the mesh convergence study presented in Di Leo (2021). In
particular, the mesh sizes are 0.6x0.6x0.6m in the flat portion of the domain and 0.40x0.40x0.40m along
the multi-slope bottom (Fig. 5). Moreover, at the structure, the mesh size has been reduced to
0.3x0.3x0.3m. Fig.5 describes the adopted boundary conditions as well. Specifically, at the end of the
flume “Outflow condition” allows the waves to leave the domain without any reflections, while, on the
other side, “Pressure” guarantees a constant water level in the numerical flume. At the lateral and upper
bounds, the “Symmetry boundaries” ensure that the velocity gradient vanishes and turbulence production
is zero. Finally, a “Wall” condition at the bottom cancels out the velocity component normal to the
seafloor. As depicted in the scheme of Fig. 5, the mass-source element has been used to generate the
random waves (Lin et al., 1999); waves reflected by this solid are then dissipated by the sponge layer.

Finally, we have used the RNG k-& model as turbulence closure.

Pressure Symmetry
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Figure 5. Scheme of the CFD computational domain.

AVAILABLE TOOLS

The first step of this work is to evaluate the existing formulae that engineers can use with these
configurations and their performance in evaluating the mean overtopping discharge.

The state-of-the-art analysis highlights that we may adopt different tools for seawalls protected by
rubble mound breakwaters, depending on whether the protective structures are emerged or submerged,
while it is challenging to estimate the flow rate of seawalls protected by detached structures.

In particular, to the best of the authors’ knowledge, Van Gent (2024) is the only work that dealt with
the overtopping of structures protected by detached submerged low-crested breakwaters. However, the
author has only suggested reducing the crest freeboard by the structure-induced wave set-up before
applying the existing tools to estimate the mean flow rate. Therefore, it appears unsuitable for S-LCB
data due to the experiments’ layout; indeed, the structure-induced wave set-up has been avoided by
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raising the LCBs (Figs. 3a and 3b). Hence, we cannot adopt any overtopping predictive formula for S-
LCB experiments.

Concerning the S-RMB experiments, we need to distinguish between emerged, zero-freeboards and
submerged rubble mounds and then apply different empirical tools. Specifically, the EurOtop manual
2018 suggests using the empirical formulae for composite vertical walls for submerged RMBs (Eg. 1),
and adapting the prediction methods used for crown walls on an armoured rubble mound in case of
emerged RMBs (Egs. 2-3). Hence, for submerged RMBs we use the following formula:

d
qCOMPOSITEV\ALL = 13\/% ' qVERTICALWPLL (1)

where d indicates the submergence of the rubble mound and h is the water depth at the toe of the structure.
On the other hand, for emerged/zero freeboard RMBs we adopt:

1.3
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where Hppo is the incident wave height, y is the roughness factor; Rc in Eq. 2 according to the EurOtop
manual, is the maximum value between the crown wall’s and the rubble mound’s freeboard. Moreover,
the reducing factor in Eq. 3 is applied when the crest width Gc is larger than 3Dpso.

It is worth pointing out that the EurOtop manual indicates the EurOtop Artificial Neural Network
(ANN) developed by Zanuttigh et al. (2016) as an alternative tool.

Recently, Van Gent et al. (2022) and Mata and Van Gent (2023) performed both a physical and a
numerical experimental campaign to investigate the overtopping of emerged rubble mound breakwaters
with a crown wall. The following overtopping predictive model has been provided:

a__ 00 -COta ey - XP| — 2R 05 (4)
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where the wave steepness sm-10 and the surf-similarity parameter &n-10 are determined using the harmonic
spectral period, Tm-10, and the wave height, Hmo, at the toe of the structure; Rc is the crest freeboard of the
crown wall and a is the offshore slope of the rubble mound breakwater. For the three reduction
coefficients, the authors proposed the following formulae:
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where the roughness factor # depends explicitly on the stone’s diameter, while % and » account for the
influence of the crest wall and the berm, respectively. In particular, the latter considers both the berm
width, B, and its vertical distance from the crest of the rubble mound, BL.
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To verify the capabilities of these existing models in predicting the mean overtopping discharge, we
compare the computed and estimated q of the S-RMB experiments. Specifically, Fig. 6 shows the
overtopping models’ performances distinguishing between emerged, submerged and zero-freeboard
RMBs. It is worth noticing that the Mata and Van Gent model (Egs. 4-7) has been employed only for
emerged structures.
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Figure 6. Comparison between measured and computed mean overtopping discharge of S-RMBs: panel a)
refers to emerged structures, while panel b) and panel c) refer to zero-freeboard and submerged rubble
mounds, respectively. The black dotted line indicates the perfect agreement.

The comparison shows that the EurOtop formulae (Egs. 1-3) and the ANN tend to underestimate the
flow rate; in particular, the former provides larger underestimations for emerged/zero-freeboard RMBs
(Figs. 6a and 6b), while the ANN has the worst performance with the submerged structures (Fig. 6¢). On
the other hand, the overtopping model of Mata and VVan Gent overestimates q, especially for the larger
flow rates (Fig. 6a).

Overall, these results clearly indicate a poor agreement between measurements and estimates,
regardless of the empirical model used. Therefore, the existing predictive tools appear inadequate to
predict the mean overtopping discharge of seawalls in very shallow water protected by rubble mound
breakwaters. Contemporary, the literature has not yet provided a model to estimate the flow rate of
seawalls protected by low-crested breakwaters.

Hence, this paucity of adequate existing tools points out the necessity of deriving a reliable model
that predicts the q reduction capacity of these two different protective structures.
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RESULTS

The assessment of existing empirical tools reveals our inability to easily predict how
attached/detached rubble mound structures may reduce the mean overtopping discharge at vertical walls
in shallow water. Therefore, in this Section, we try to overcome such a limitation and provide tentative
empirical formulae.

Influence of protective structures on wave overtopping

We aim to evaluate the flow rate reduction at vertical seawalls due to the presence of either attached
or detached rubble mound breakwaters. Such a reduction is expressed via the wave overtopping reduction
ratio, Cq:

q
Cq — PROTECTEDWALL (8)
qUNPROTECTEDWALL

where grroTecTEDWALL 1S the mean overtopping discharge measured when the seawall is protected by
rubble mounds (S-RMB and S-LCB), while qunerotecteowaLL refers to the measurements obtained with
the sole vertical wall as defence structure (UP).

The overtopping reduction offered by these protective structures is somehow due to their energy
dissipation power, which their transmission coefficient, Kr, can globally represent. Furthermore, the
analysis of these laboratory experiments also indicates that the structure’s shallowness condition (i.e.
hroe/Hmo,deep) Plays a role in the flow rate reduction. Therefore, we relate the overtopping reduction ratio
to a sort of modified Hofland et al.’s parameter, which is:

H m0,d,T _ K H mO0,deep
=K; -
Mroe Proe

where hroe refers to the water depth at the toe of the vertical wall, while Kt represents the effect of the
protective structure accounting for all their geometrical features.

In Eq. 9, the transmission coefficient is determined via the Buccino and Calabrese (2007) formula,
which has been derived for a wide range of crown widths and crest freeboards. Differently from previous
applications of Buccino and Calabrese’s equation, in this work we derive Ky using the deep water wave
conditions to be consistent with the Hofland et al.’s parameter.

For both S-RMB and S-LCB data, results are plotted in Fig. 7. Numerical outcomes are plotted as
well. It is worth specifying that, unlike the laboratory data, CFD experiments have been only performed
with the seawall protected by RMBs. For determining Cq (EQ. 8), quneroTectepwaLL has been obtained
from a regression formula that relates q and Hmodeep. The latter was developed by Di Leo (2021) by
performing a wide CFD numerical experimental campaign on wave overtopping at the Malecon seawall

(Fig. 1).
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Figure 7. Wave overtopping reduction ratio vs the modified Hofland et al.’s parameter.
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For each configuration, the laboratory data follow a clear trend that confirms the good explanatory
power of Eq. 9. These trends indicate that the overtopping reduction capacity of rubble mound structures
diminishes as the modified Hofland et al.’s parameter increases. Specifically, results in Fig. 7 suggest
that, for a given structure (i.e., for a given Ky), the protective function weakens as the seawall is located
in the deeper surf zone.

Numerical results (triangle points in Fig. 7) are fairly consistent with S-RMB laboratory experiments.
Even though CFD data lies slightly above the laboratory ones for higher values of Hmod1/htoe —
apparently following a relatively steeper trend — they confirm the validity of such a relationship.

Finally, it is worth noticing that the comparison between S-RMB and S-LCB data points out that
protecting a seawall with a detached breakwater is a more efficient adaptive solution compared to the
seawall protected by attached rubble mounds. S-LCB data indeed lie quite below S-RMB points.

Predictive tools

Based on these two trends, we have developed two predictive equations (Fig. 8). Specifically, Eq.
10 predicts the wave overtopping reduction ratio for seawalls protected by rubble mound breakwaters,
while Eqg. 11 can be used for estimating Cy of vertical walls protected by detached rubble mound
structures. Such empirical predictive models read:

C,=r ! " (10)
1+45. exp(— 13”‘”}}
i hroe

C =t L v (11)
1+120.exp(—8.2”““”ﬂ
L hTOE

As discussed in the previous paragraph, Egs. 10 and 11 consider that the reduction in wave
overtopping tends to vanish when the sea defence is located in the inner surf zone.
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Figure 8. New predictive empirical equations.

Egs. 10 and 11 may be helpful tools for designing adaptive sea defence configurations. Indeed,
engineers can easily estimate the mean overtopping discharge by combining such empirical formulae and
an overtopping model for vertical seawalls (e.g. EurOtop 2018).

Hence, we have verified these design tools using the CFD tests. In particular, we have coupled Eq.
10 along with two recent empirical formulae for wave overtopping of seawalls with very shallow
foreshores, namely Lashley et al. (2021) and Tuozzo et al. (2024). The former is a deep-water-based
model that relates q to deep water wave conditions, while the second requires wave set-up and wave
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energy at the toe of the wall. The latter variables have been obtained by performing CFD wave
propagation tests (i.e. without the structures in the numerical flume). Moreover, for both these empirical
formulae, the flow rate also depends on the foreshore slope. As these experiments have been carried out
on the multi-slope Havana foreshore (Fig. 1a), we use the equivalent slope proposed by Lashley et al.
(2023) to estimate qunerotecTEDWALL Via Lashley et al. (2021), whereas Tuozzo et al. (2024) suggested an
averaged slope on twice the local wavelength for applying the overtopping predictive model in case of
uneven bottoms. Finally, it is worth mentioning that Lashley et al.’s formula is valid for hrog/Hmo,deep <1;
thus, for larger values, we have used the EurOtop model for vertical walls, as suggested by the authors.
Fig. 9 compares q measured during numerical experiments and g computed using Eq. 10.
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Figure 9. CFD data vs q computed using Eq. 10 and two different overtopping models for vertical walls. The
red line represents the perfect agreement line.

Although we are evaluating a few data, the result shown in Fig. 9 is rather promising. The data indeed
lie quite close to the perfect agreement line. This corroborates the capability of the predictive tool to
estimate the reduction in the overtopping rate due to the presence of a protective structure.

Therefore, engineers can easily predict the mean overtopping discharge of seawalls protected by
rubble mound structures by combining Eq. 10 (or Eg. 11) and an overtopping formula for vertical walls.
Finally, it is worth noticing that, among the two formulae used in Fig. 9, Tuozzo et al.’s model provides
more consistent results.

CONCLUSIONS

The present work dealt with the wave overtopping of vertical seawalls in shallow water conditions
protected by either attached or detached rubble mound breakwaters.

We examined the laboratory data from a broad physical experimental campaign conducted at the
University of Naples Federico 11, along with numerical data from CFD experiments. The latter have been
performed at the prototype scale using the technique proposed by Dentale et al. (2014a,b) to model porous
structures.

Analyzing laboratory and numerical data, we related the capability of protective rubble mound
structures in reducing wave overtopping at seawall to the transmitted deep water wave height to local
water depth ratio (Hmo.d1/htoe, i.€. the so-called modified Hofland et al. parameter); clearly, the
transmitted wave height take into account the role of protective structure through their transmission
coefficient. However, results pointed out an interesting behavior: these protective rubble mound
structures seem to reduce the flow rate at the seawall as long as it is not located in the inner surf zone.
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Based on these findings, we proposed two empirical tools for estimating the overtopping reduction
ratio for seawalls protected by either rubble mound breakwaters or detached low-crested breakwaters.
Coupling these formulae with an overtopping model for vertical walls may represent a helpful tool for
coastal engineers to predict the mean overtopping discharge of seawalls protected by rubble mounds, as
shown in Fig. 9.

Finally, the comparison between S-RMB and S-LCB experiments revealed that detached breakwaters
have a more significant effect in reducing wave overtopping at seawalls compared to attached structures.

Future research will exploit the ability of the CFD numerical modelling to properly reproduce this
phenomenon to extend and deepen our knowledge about the rule of rubble mound structures in mitigating
the flooding risk of coastal areas.
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