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Due to the ongoing rise in sea level and increase in extreme wave climates, conse-
quences of the changing wave climate, coastal structures such as sea dikes and seawalls
will be exposed to severe and frequent sea storms. Even though much research related to
wave-structure interactions has been carried out, it remains one of the most important and
challenging topics in the field of coastal engineering. The recent publications in the Special
Issue “wave interactions with coastal structures” in the Journal Marine Science and Engineer-
ing contain a wide range of research, including theoretical/mathematical, experimental,
and numerical works related to the interaction between sea waves and coastal structures.
The research is related to conventional coastal hard structures in deep water zones and
ones located in shallow water zones, such as wave overtopping over shallow foreshores
with apartment buildings on dikes. The presented research findings increase knowledge of
hydrodynamic processes, and new approaches and developments presented here will be a
good benchmark for future works. The research papers published in the Special Issue are
highlighted below with discussions of the approaches and developments.

Maiolo et al. [1] investigated wave propagation and transformation over a type of
submerged breakwater. In particular, the intervention consists of protected nourishment,
an environmentally friendly submerged structure aiming to protect the shoreline. The
authors developed a simplified methodology employing a mathematical model to calculate
the transmission of the incoming waves over such submerged structures. The study
provides a reasonable estimation of the wave transmission, while the computational cost is
significantly smaller than conventional numerical models. Such a methodology is helpful
for engineering practices when many cases need to be simulated for different storms and
sea-level rise scenarios, in combination with different coastal interventions. Furthermore,
it can be used for further interventions such as nature-based solutions.

Altomare et al. [2] investigated the overtopping risk for pedestrians on sea dikes using
experimental modelling carried out in a small-scale wave flume facility at Universitat
Politecnica de Catalunya-BarcelonaTech, Spain. The structural setup comprised a 1:1
sloping smooth dike with foreshore slopes of 1:15 and 1:30, representing typical layouts of
the urbanized coastal area north of Barcelona. Along this area, bike paths and railways run
very close to the shoreline and have been exposed frequently to extreme storm conditions
and overtopping events in the last decade. The flow depth and velocity characterize the
stability of pedestrians; thus, these values were measured in the physical model. The
overtopping flow velocity was measured by redundant systems composed of two high-
speed cameras and two ultrasonic sensors. It is often a problem to measure the overtopping
bore velocity on the dry dike since the conventional measurement system using an electric
velocimeter does not work correctly at a location that changes wet and dry conditions by
each overtopping event. The results indicate that average wave overtopping discharge
and maximum individual overtopping volume are necessary but not sufficient variables to
assess whether a scenario is safe or unsafe. Instead, the pedestrian hazard is proved to be
linked to the combination of overtopping flow velocity and flow depth.
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Dan et al. [3] investigated the reduction of wave overtopping and force impact on
storm walls on dikes and quays due to very oblique waves, where the wavefront forms
an angle of > 45° with the structure. Such oblique waves need to be assessed when the
quay and dike zones inside a harbour are located along the primary wave direction. The
authors carried out the test in a wave basin equipped with a uni-directional wave generator
(i.e., only long-crested waves were generated). The target structure is vertical storm walls
on a dike with 1 in 2.5 slope and a vertical quay wall. Very oblique waves (angle between
45° and 80°) have been tested, measuring overtopping and force reduction with respect
to perpendicular wave attacks. The study proposed coefficients of wave overtopping
reduction and formulations of wave force reduction, both for very oblique wave cases.
Physical models are still a major tool to investigate overtopping and force in engineering
applications, not only due to the accuracy but also to the high demand of time and space
(e.g., 1000 waves and 2D /3D domain), as can be seen in this work, while the application
range of numerical models on wave-structure interaction is growing. Below, a review of
six works are related to numerical modelling.

Suzuki et al. [4] investigated the overtopping risk on a dike in shallow foreshores
using a non-hydrostatic wave model, SWASH; the topic is in line with Altomare et al. [2].
The model was first validated with a physical model to understand wave overtopping
characteristics using different wave conditions and bathymetries. The results show that
the overtopping risk is characterized by the time-dependent flow depth and velocity
rather than maximum flow depth and velocity. If maximum values are used, the risk is
overestimated. The work revealed that the structure configuration strongly influences
the time-dependent values—even though the same average overtopping discharge, the
risk is different by the flow depth and flow velocity combination. On top, it indicates a
risk of return flows when a vertical structure leeward the dike. Such an investigation was
achieved owing to the characteristics of SWASH: wave transformation and overtopping
characteristics are reproduced accurately and are computationally less demanding.

Chang [5] applied a three-dimensional, fully non-linear potential wave model based
on a curvilinear grid system to investigate the interaction of a solitary wave with vertical
fully /partially submerged circular cylinders with/without a hollow zone. The model was
validated with data in the literature and then was applied to study cases of wave-cylinder
interaction. In general, 3D simulations are extremely demanding in terms of computational
time and resources, and thus, it is not feasible for engineering practices. However, this
paper tackled it by using a potential model. The target wave is one (i.e., solitary wave);
thus, the computational time is shorter than a real case study, which often requires longer
simulation (e.g., investigation of marine platforms). The work gives a good insight into the
wave behaviour around a circular cylinder with or without hollow zones, while cases where
the vortex effect is dominant cannot be dealt with due to the nature of potential models.

Li et al. [6] studied vertical breakwater stability under extreme waves. Vertical break-
waters are conventional coastal structures; thus, many investigations and knowledge on
the stability of breakwaters have been accumulated in the literature. However, dealing
with stability using numerical simulation is somewhat limited due to the complexity of
the dynamic loading on the structure combined with overtopping waves. The authors
investigated the pressure distribution under a condition with wave overtopping using a
two-dimensional RANS model and discussed the potential risk of the failure mechanism.

Gruwez et al. [7] conducted an intensive validation of a two-dimensional RANS
multiphase solver (i.e., OpenFOAM) for a case with sea dike in shallow foreshores. The
authors compared the results of wave properties along the wave flume, wave runup and
forcing in great detail with a quantified and objective validation. Based on it, the numerical
model conducted in the study gives promising results in terms of wave propagation and
force estimation without calibration after a convergence analysis. Evaluation/comparison
of time series between the physical and numerical models is not a trivial task, but the
authors proposed a useful classification of the relative refined index of agreement and
corresponding rating.
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Gruwez et al. [8] extended the work of Gruwez et al. [7] further, including the SWASH
and DualSPHysics models, conducted through comparisons based on the same physical
model validation case. It is an interesting work since each model is becoming very popular
in coastal engineering and growing in the range of applications, yet the characteristics of
the models are very different. The RANS model is a conventional numerical approach
in coastal engineering, and the knowledge has been accumulated through a long history.
A number of numerical schemes and techniques have been developed, and often, the
model gives highly accurate modelling. DualSPHysics is a mesh-less model based on the
smoothed particle hydrodynamics method (SPH). Compared to mesh-based approaches,
SPH has a relatively short history (developed in the 70s of the last century for astrophysics
and applied to fluid dynamics for the first time about 30 years ago). However, the method
is becoming very popular due to its particle-based approach, capable of inherently catching
non-linearities and very violent phenomena. SWASH is based on the non-linear shallow
water equation with non-hydrostatic pressure; thus, it is suitable for the estimation of wave
propagation in the shallow zone. Due to the nature of the equation, the computational time
is much smaller than the RANS and SPH models. The three models are compared in terms
of model accuracy and computational speed. The results indicate that all three models
give a good accuracy for wave transformation and force estimation while OpenFOAM and
DualSPHysics models give a slightly better representation in time series than the SWASH
model. On the other hand, the SWASH simulation is much less time consuming compared
to OpenFOAM and DualSPHysics. Each model has its characteristics with pros and cons;
thus, the user needs to choose which type of numerical model is suitable. This work is one
of the benchmark papers which contains a good discussion of detailed capabilities.

Hasanpour et al. [9] investigated tsunami-borne large debris flow and impact on
coastal structures using a coupling model of SPH and FE (finite elements) in 2D. The
developed model was validated with physical modelling in the literature. After validating
the non-linear transformation of the tsunami wave, the debris—fluid interaction and the
impact on a coastal structure, the model was further applied to debris—structure interaction.
The result indicates the necessity of 3D simulation.

Altomare et al. [10] used the DualSPHysics model to understand the failure mechanism
of the Pont del Petroli Pier in Spain, which occurred during the so-called “Storm Gloria” in
January 2020. A preliminary 2D modelling was carried out to reproduce wave properties
at the toe of the structure. Based on the water surface elevation and velocity field near the
structure obtained in the 2D model, the 3D model case was carried out with the state-of-
the-art inlet-wave-generation technique. The total number of particles of the 3D simulation
was 1.7 million, with a physical time of 20 s, which corresponds to two to three waves
characterizing the most extreme events, which were simulated (the run time was 9 hours).
Such a simulation used to be very challenging due to the nature of the irregular wave and
large domain, but this work proved that the DualSPHysics model can be applied to such
events using a kind of nesting method (i.e., reproducing the incident wave time series from
the 2D simulation). The simulation results have later been used to set up the experimental
campaign carried out in a large-scale wave flume and will be exploited by local authorities
to reconstruct the pier, a key element of the urban assets in the coastal town of Badalona.
As this practice shows, numerical models can also assist the physical models instead of the
physical model only feeding the validation data.

Author Contributions: Conceptualization, T.S. and C.A.; writing—original draft preparation, T.S.;
writing—review and editing, C.A.; project administration, T.S. All authors have read and agreed to
the published version of the manuscript.
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Abstract: Erosion processes threaten the economy, the environment and the ecosystem of coastal areas.
In addition, human action can significantly affect the characteristics of the soil and the landscape of the
shoreline. In this context, pursuing environmental sustainability is of paramount importance in solving
environmental degradation of coastal areas worldwide, with particular reference to the design of complex
engineering structures. Among all the measures conceived to protect the shoreline, environmentally
friendly interventions should be supported by the stakeholders and tested by means of mathematical
models, in order to evaluate their effectiveness in coastal protection through the evaluation of wave
damping and bedload. This study focuses on protected nourishments, as strategic interventions aimed to
counteract coastal erosion without affecting the environment. Here, we develop a simplified method to
provide a preliminary assessment of the efficiency of submerged breakwaters in reducing wave energy
at a relatively low computational cost, if compared to the standard 2D or full 3D mathematical models.
The methodology is applied at Calabaia Beach, located in the southern Tyrrhenian Sea (Italy), in the
area of the Marine Experimental Station of Capo Tirone. The results show that the simplified method is
proven to be an essential tool in assisting researchers and institutions to address the effects of submerged
breakwaters on nourishment protection.

Keywords: shallow waters; wave energy; coastal erosion; beach restoration; submerged breakwaters;
protected nourishments

1. Introduction

The erosion process threatens urban settlements, the environment and the ecosystem located in
the Mediterranean Sea [1,2]. Coastal areas involve strong relationships between the needs of human
communities and the environment [3]. The increasing demand of coastal use should aim to conserve
the resilience of the environment, allowing the ecosystem to absorb the unavoidable human impacts,
keep functioning, and provide goods and services to the population [4-6]. However, coastal areas
regularly deal with complex environmental and ecosystem challenges, which are worsened by mean sea
level rises driven by climate change, subjecting these fragile lands to large economic and environmental
losses and damage produced by flooding and erosion processes [7-14]. Increasing urban pressure
will further exacerbate these damages, requiring an integrated approach to conserve the land and the
environment [15,16], evolving from sea defence interventions only aimed at protecting human and goods,
to coastal protection measures focused on the overall needs of the land [17].

J. Mar. Sci. Eng. 2020, 8, 510; d0i:10.3390/jmse8070510 www.mdpi.com/journal/jmse
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The effectiveness of sea defence interventions depends on the designer’s ability to identify the correct
strategy to pursue in the area of concern, and to assess their short-term and long-term impacts, which can
produce further alterations and new and more complex issues in the coastal environment, ecosystem and
landscape [18,19].

A correct evaluation of the causes of the coastal erosion requires a deep knowledge of the land,
which should be achieved through a morphometric and granulometric characterization of the soil and
specific climate analysis [20]. Although the most important coastal erosion events occur during the major
storms, the ordinary action of the waves and anthropic activities can significantly affect the shoreline [21].
Human actions trigger the erosion process, mostly due to an incorrect understanding of long-term
effects of their actions on the shoreline, with particular reference to the impact of coastal buildings on
the environment.

The main natural causes of the net retreat of the coastline are: sea level rise; the effect of climate change
on the reduction in the sediment supply from water courses; the negative balance of offshore sediment
transport due to storm waves and surge overwash; wind erosion; longshore sediment transport; loss of
fine material moved from the shoreline in a seaward direction [21-23].

The main anthropogenic causes of the net retreat of the coastline are: land subsidence from the
suppression of the subsurface resources; interruption of the sediment transport due to buildings and sea
defence structures located in the active beach; river works reducing the sediment input from the water
courses; changes of the natural configuration of the beach profile; removal or displacement of the material
from the active beach [21-23].

A global analysis of these phenomena allows us to provide a realistic assessment of the erosion
process and the identification of the most effective sea defence measures [21]. The modeling of these
phenomena shows multiple constraints, including a paucity of meteorological and oceanographic gauged
data and large computational times. In addition, there is an increasing need to restore the environment
avoiding the use of sea defences that, while effective against the erosion process, threaten the ecosystem
and the landscape, affecting tourism, fisheries and the overall economy of coastal communities [24-26].
Natural-based and environmentally friendly measures, such as the use of mangroves and Posidonia oceanica
meadows [27-29], are increasingly supported by the scientific community, due to their positive impact on
the land.

The effectiveness of sea defences is often constrained by the local characteristics of the land.
In this context, artificial nourishments can support the restoration of the shoreline without affecting
the environment and the use of the sea. However, beach nourishments are threatened by erosion and
the degradation of the environment. Here, we describe the protection of beach nourishments through
submerged breakwaters, and herein we refer to this intervention as “protected nourishment”.

Despite the fact that several mathematical models can properly evaluate the long-term effectiveness
of sea defence structures, they are often constrained to three-dimensional schemes for simulating
processes related to benthic suspensions, flocculation, entrainment, erosion, sedimentation and bed
consolidation. Moreover, two (2D) and three-dimensional (3D) coastal modeling usually requires a
significant computational cost, limiting most of the analysis to the use of one-dimensional systems or
statistic models [30-34].

In this work, we first address the characteristics of protected nourishments on wave damping [35,36]
by means of Mike 21/3 Coupled Model EM 2020, an integrated 2D model (hereinafter denoted as
MIKE), which computes wave climate, hydrodynamic processes, and bedload (Section 2). We then
develop a simplified methodology to assess the effectiveness of the submerged breakwaters on wave
damping, reducing the computational cost (Section 3). This approach has been applied at Calabaia
Beach (Belvedere Marittimo municipality, Italy, Section 4) to evaluate the long-term shoreline evolution.
Our conclusions bring the paper to a close.
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2. Materials and Methods

The design of submerged breakwaters as a support for protected nourishments first requires the
evaluation of the effect of the barrier on the reduction in the wave height from offshore to the shore by
means of the wave transmission coefficient Kt [37].

Kt:@ with0 < Kt <1 1)
in
where Hy,t and Hj, stand for the wave height upstream and downstream of the barrier, respectively [38].
Although this simplified approach does not describe the variability of the wave climate and the possible
effect of the anthropic structures, it is consistent with the aim of this study.

2.1. The Mathematical Model

In recent decades, several models have been developed to compute the morphodynamic evolution of
coastal environments, characterized by several computational schemes, scales, levels of detail and
computational costs [39—44]. The spatial scale of these models ranges from meters to kilometres.
The temporal scale typically ranges from hours to decades. Most of the existing large-scale models
are limited to an assessment of the evolution of the shoreline, while the smaller space and time scale models
are mainly used to reproduce specific forcing events, involving explicitly reductionist methodologies
where the conservation of momentum forms the explicit means for the evolution of the system. [45-47].

Here, we use MIKE 21-3 Coupled Model FM, based on an unstructured grid which consists of an
integrated system capable of reproducing the coastal processes and dynamics of the shoreline at all scales.
MIKE evaluates the effectiveness of the sea defence interventions, such as the optimisation of the beach
nourishments and costal protection structures, and the impact of the buildings located in the active beach.

The Hydrodynamic (HD) module of MIKE solves the 2D Navier-Stokes equations of incompressible
fluids, under the hypothesis of hydrostatic pressure [48]. The numerical solution of shallow water
equations is achieved through the approximate Riemann solver [49], which calculates the convective
flows at the interface of the element of the grid. Second-order precision is achieved through the use of a
linear gradient reconstruction technique. The average gradient is computed by means of the Jawahar and
Kamath [50] approach.

The Spectral Wave (SW) module describes the wave phenomena by means of the wave action
conservation equations [39,40], which can be written by using the Cartesian system as:

S
= (2

where N (6, 0) is the density of the wave, which is function of 8, wave direction and wave frequency o. S
is the source term accounting for different processes:

S = Sin+ Su1 + Sas + Spot + Ssurf 3

where

S;,, is the wind action;

S, is the waves non-linear interaction;

S4s is the white capping effect;

Spot is the bottom dissipative action;

Ssurf is the dissipation due to wave breaking phenomena.
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Among all these parameters, S;f is essential in representing the wave breaking, which occurs when
the waves propagate in shallow water and can no longer be supported by the depth. This process is
described following the formulation of Battjes and Janssen [51].

If the shoreline is characterized by shallow waters surrounding the shoreline, the maximum wave
height can be calculated as:

Hypax = Vd 4)

where d is the water depth and y a coefficient which ranges between 0.5 and one, depending on the slope
of the bottom and the wave characteristics [52].

The formulation of y can be chosen according to Nelson’s formulations [53,54], or by means of the more
recent Ruessink approach [55], valid both for steep seabeds without bars and flat bottoms. The Ruessink
approach calculates y at each cell of the domain as:

y = 0.76kd 4 0.29 ®)

where k is the local wave number and d the local depth.

The bedload is solved by means of the Sand TransPort Quasi-3-Dimensional module (STPQ3D) [56],
which computes the transport of the sediments along two horizontal directions by processing the input
data provided by the hydrodynamic model by time-averaging the results.

Waves affect the motion of sediments in shallow waters due to wave breaking, with particular
reference to the transport of sediments transversal to the coast, which is mostly involved in the erosion
process [57,58]. Morphological changes due to erosion and deposition are accounted in terms of bed
elevation, expressed with respect to the centre of each triangular element of the grid as ‘g—f. This parameter
can be computed by means of the continuity equation of the sediment proposed by Exner [59], where 7 is
the porosity:

Znew = Zold + ﬁ % At pp (6)

The bedload is computed as the divergence of the sediment flow with respect to the boundary of
the elements and it is equal to the sum of all the flows that cross the boundaries, identifying whether the
element is receiving or losing sediment.

6Sy | 0Sy -
R ; Sindsi @)

where

Si, is the sediment flux normalized to the face of the element;
ds; is the lenght of the face of the element;
m is the index of the element;

The continuity equation of sediments affects the bed elevation of each element, based on the total
sediment flux crossing the boundaries of each element.

The coupling of the models is based on the establishment of an overall time step of the system,
which is necessary to match the instant in which the models exchange the information. Each model has its
own time step, which is a multiple of the overall time step. The exchange of information occurs when the
time of each model match with an overall time step (e.g., the HD module acquires a radiation stress field
from the SW module).

Since the information sharing between each module of MIKE is very complex, we refer to the manuals
for a more detailed description [48,56,60]. A summary of the main steps is provided in Figure 1.
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Figure 1. Coupling scheme representing the information flux among the modules of Mike 21/3 Coupled
Model FM 2020 (MIKE).

Bathymetric Input

2.2. Submerged Breakwaters

The effects of submerged breakwaters on wave damping is typically evaluated through the formulation
of Goda [61,62], which computes the transmission coefficient Kt (1) as:

K: = K, max ifi < i with K; e <1
' H; min '

i i

f
1 | o TBY. (f) f (f)
Ki—=|1—sin| —— if | — <—=<|= 8
' 2 2 a f H; min H; H; max ®
o f (f) .
Ki = K in if =< | = with K; i >0
t t, min Hi Hi . t, min

The values of K;, yqx and Ky, i, are set according to the boundary conditions; the parameter f (i.e., the
free board) represents the height of the breakwater crest minus the surface level; H; the value of the
incoming wave height, i.e., the input wave height. If the breakwater is submerged, the wave damping
effect is negligible when the wave height is equal to or smaller than the depth of the crest, computed with
respect to the mean sea level. For parameter a, Goda proposed a value equal to 2.2, while for parameter
B, which depends on the inclination of the breakwater, a value ranging between 0.15 and 0.8 [61,62].
Goda’s formula allows to evaluate the performance of the breakwater at different water levels, and it is not
affected by the angle of attack of the waves with respect to the breakwater.

2D and 3D modeling of long and narrow structures such as the submerged barriers significantly
increases the computational effort to avoid model instability. In this study, we propose a simplified method
based on the implementation of Goda’s formula directly on the domain, avoiding the 2D modeling of
the barrier but keeping the high accuracy of the results. Similar approaches are widely implemented
into mathematical models available in the literature by developing a set of specific links to reproduce the
presence of long and narrow structures, such as sills and levees [63-66].

Here, we link the nodes of the elements located upstream and downstream of the submerged barrier
by implementing Goda’s formula. We calibrated parameter p of Goda’s formula, by comparing the
results computed by means of the full 2D model, using different depths of its ridge (z) and different wave
climates (Hp)-
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In the simulations performed by means of the full 2D model, we reproduced the rigid submerged
breakwater by means of 2D elements (Figure 2). The hydrodynamic of the barrier is solved by the HD and
SW modules, without any change in bottom elevation, by disabling the use of the sedimentological model.

-

Figure 2. Full two-dimensional (2D) modeling of the submerged breakwater.

The simplified approach we develop allows us to evaluate the effect of the submerged breakwater
by reproducing the structure by linking the elements of the grid located before and after the barrier,

which works as a weir on whose edges we apply Goda’s equation (Figure 3).

Figure 3. Simplified 2D modeling of the submerged breakwater.

The comparison between the simulations performed by means of full 2D modeling and the simplified
scheme allows us to identify the optimum value of § of Goda’s formula that better reproduces the effects of
the breakwaters on the wave damping. The results of the simplified methodology will be synthetized in
two different formulations, which aim to relate the wave damping only to the ridge depth of the barrier
and to the wave climate, without performing any simulation by means of the models.

2.3. The Study Area: Calabaia Beach

Calabaia Beach is located 1 km south of Belvedere Marittimo, into the Lao region, which is extended
25 km from Capo Scalea to Capo Bonifati. The coast is characterized by sandy and pebbly beaches bounded
by narrow dune belts and sedimentary rocks with deposits of conglomerates of pebbles, sand and clay
beds [67] (Figure 4).
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Ponza Buoy

Tyrrhenian Calavbala

Sea
Cetraro Buoy

Figure 4. Localization of the Calabaia Beach and the two buoys used to characterize the wave climate.

A granulometric characterization of the site has been carried out by means of several surveys along
the shoreline performed in the years 2003, 2006 and 2008, using the ASTM 200 procedure [68].

For each year of monitoring, 24 surveys were carried out, six on each section located at different depths,
allowing us to evaluate the composition of the soil (Figure 5). The sample analysis shows that the materials
that constitute the bottom have similar features, with an average diameter dsp = 0.22 mm, a specific weight
of the soil ys/yw = 2.65, and a porosity ® = 0.4. The results of the surveys, together with the reduced
extension of the coastal stretch (700 m), allow us to assign averaged values to the whole domain.

0ld Shoreline

New Shoreline

Figure 5. Calabaia Beach. Some survey sections at Calabaia Beach (left side); bathymetric characteristics of
Calabaia used in the three-dimensional (3D) model (right side).

Bathymetric surveys ware performed in the years 2005, 2006 and 2008 up to a depth of —10 m (Figure 5,
left side), allowing us to build a digital bathymetric model of the area (Figure 5, right side).

During the year 2002, a protected nourishment intervention was built at Calabaia Beach.
The submerged breakwater is located parallel to the shoreline, 700-m long, 250-m seaward and with a

11
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ridge 2.5 m below the mean sea level (Figure 6). Two perpendicular semi-submerged groynes complete the
structure, delimiting a submerged closed cell aimed at supporting the nourishment.

seaward side of the nourishment - 3.50 m M.S.L.

\ 4

ridge width 10m

Rock Filter Layer (5-15 cm) Bottom Depth - 6.00 M.S.L.

Figure 6. Schematization of the of the submerged breakwater built in the year 2002 at Calabaia Beach.

The characterization of the local wave climate at Calabaia Beach has been carried out by using the
hindcast dataset based on the data of the Ponza buoy (40°52’00” N, 12°57°00” E), collected from 1st July
1989 to 31th December 1999, and the Cetraro buoy (39°27'01” N, 15°55’01” E), collected in the year 1999
(Figure 7). Both the buoys are anchored at depth of 100 m. The Ponza buoy is a Wavec MKI directional
wave meter; the Cetraro buoy is a Waverider directional wave meter. The hindcast dataset have been
reproduced on the entire Tyrrhenian coast, supported by the WAM wave model [40] based on the wind
fields provided by the European Center for Medium-Range Weather Forecasts. Calabaia Beach shows a
predominant 270° north direction for the waves, with a significant wave height of 7.2 m for a return period
of 200 years [69].

Hg>3m
2m<Hg<3m
1m<Hg<2m

0.5m<Hg<1m

1110l

Hg<0.5m

180°

Figure 7. Wave Rose at Calabaia Beach based on the hindcast data of the Ponza and Cetraro buoys.

Figure 8 relates the significant height of the wave with the return period. The statistical analysis
conducted led to a Weibull distribution characterized by a A value = 0.922 and a k value of 0.454.

12
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Figure 8. Relationship between significant wave height and return period.

2.4. Model Set-Up

The domain of the model is an unstructured mesh, with triangles of different sizes, which are larger

offshore and smaller near the barrier and the shoreline, in order to represent the area of concern in more
detail (Figure 9).

[m]
4384200 5
=
A TR
4384000 e
%53“, Bathymetry [m]
e Above 0.0
4383800 i 25- 00
SR 50- 25
o 75- 50
4383600 o -100- 75
B 125--10.0
?é 150--125
4383400 B 175--150
S5 225200
4383200 ;VA' 250--225
Y Bl 275--250
-300--275
4383000 -325--300
-350--325
Below -35.0
4382800 Undefined Value

571400 571600 571800 572000 572200 572400 572600 [m]

Figure 9. Grid of the hydrodynamic model used in this study. Different colours refer to different bed
elevation. The metric scale refers to WGS84 UTM 33N, EPSG-32633.

Wave forcing has been imposed on the west side of the domain. The north and the south side of
the grid are characterized by lateral boundary conditions [70-72], stated in the set-up manual as good
approximations when the boundary line is almost straight and when the depth contours are almost
perpendicular to the line [60]. The east side of the mesh, on the other hand, has the condition of land
imposed in the MIKE mesh generator. For each run, we set a condition for gradual offshore wave formation,
obtaining a linear growth in the significant wave height up to the value we simulated, in order to avoid
wave energy peaks that would generate instability in the model. When the targeted wave height has been
achieved, the simulation begins, with a duration of 24 h and a print step of 600 s, for a total of 144 pieces of
output data. For each run, we consider the forcing as a constant wave (in time and space), setting the wave
model with a quasi-stationary formulation, which is suitable for shorelines not longer than 10 km [60].
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3. Results

We simulate the efficiency of the submerged barrier for five different offshore waves (Table 1), in order
to cover the significant return periods illustrated in Figure 8.

Table 1. Simulated waves heights and periods.

Hpo [m] 3 4 5 6 7
Ty [s] 9.18 10.60 9.18 11.85 14.02

A first set of simulations was carried out by representing the submerged breakwater by means of full
2D modeling (Figure 2). The effects of the breakwater were further evaluated by means of a second set of
simulations performed by applying the simplified approach through Goda’s formula instead of the 2D
modeling of the barrier. Using the same boundary conditions, five values of 3 have been tested with the
aim being to achieve the same results computed through full 2D modeling (Figure 10).

Location of the
submerged breakwater

Sign. Wave Height [m]

Undefined Value
572900 573100 573300 573500 573700 [m]

Figure 10. Wave climate computing by means of the simplified simulation with Hy,,g = 5 m. The white
line represents the location of the control section, highlighting the two sections used to compute the decay
efficiency (9). The wave direction is 270° N. The metric scale refers to WGS84 UTM 33N, EPSG-32633.

We compared the results in a control section 1200-m long, perpendicular to the shoreline and located
at the mid-point of the length of the barrier, in order to avoid boundary effects (Figure 10, white line).

Figure 11 compares the damping of the wave height produced by the submerged breakwater along
the control section, computed by means of full 2D modelling and the simplified 2D approach, with entering
waves with Hpg values of 3 m, 5m and 7 m (Table 1) as boundary conditions (Figure 11).

The results show that simplified 2D modeling is capable of reproducing wave height damping.
With the aim of identifying the value of f that better reproduces the effect of the barrier, we compared
the wave height reduction due to the breakwater for all the input waves reported in Table 1 (Figure 11d).
We compared the height decay efficiency Ej, (9), setting the height of the offshore significant wave as the
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average of the first 25 m of the control section (H,y ,,), and the height of the outcoming significant wave
(Hmo out) as the average of the last 25 m of the control section (Figure 10, white line).

Hmo in HmO out

Ep —
Humo

©

in

The B coefficient that better represents the effects of the breakwater is 0.30. Table 2 compares the

root mean square error (RMS) between the results of the two different sets of simulations, confirming the
optimum value for parameter f§ as equal to 0.30.

(a) (b)

3.0

2.8

Full 2D modelling

Goda's link; p = 0.60
Goda's link; p = 0.40
Goda's link; p = 0.35
Goda's link; p = 0.30

Full 2D modelling

Goda's link; p = 0.60
Goda's link; p = 0.40
Goda's link; p = 0.35
Goda's link; p = 0.30

E 26 Goda's link; f = 0.25 E 40 Goda's link; f = 0.25
g g
I 24 I 35
22 H,=3m 30 H,,=5m
WAVES WAVES
2.0 2.5
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Progressive distance [m] Progressive distance [m]
(c) (d)
5.0 50 %
s Full 2D modelling
——— Goda's link; B = 0.60 = 45%
45 ——— Goda'slink; p=040 | W
— Godaslink; =035 | > 40%
. —— Godaslink p=030 | O
E 40 —— Goda'slink:p=0.25 | © 359%
2 5
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20 % ——— Goda's link: = 0.30
WAVES ——— Goda's link; p = 0.25
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Figure 11. Wave height decay (height efficiency E},) along the cross section of the submerged breakwater.
(a) Hyp =3 m, (b) Hyp =5m, (¢) Hyo = 7m. (d) Decay efficiency for different values of .
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Table 2. RMS error of the wave height damping computed through simplified 2D modeling compared to
the results obtained by means of the full 2D model.

Beta Values

Hmo Full 2D Model
0.25 0.3 0.35 0.4 0.6

3 17.06 15.81 16.98 18.10 19.45 25.29
4 31.22 30.71 31.98 33.11 34.29 38.88
5 38.96 38.29 39.35 40.36 41.26 46.00
6 41.25 40.17 40.98 41.89 42.82 47.05
7 41.75 40.89 41.70 42.56 43.46 47.55

RMS Error 0.908 0.404 1.23 2.27 6.97

We further investigated the damping efficiency using different ridge depths for the breakwater z,
ranging between —1 and —-2.5 m, in order to provide a more general result [61]. Figure 12 illustrates the
logarithmic relation between the height and power damping efficiency and the wave height normalized to
the ridge depth of the breakwater @ We selected the range @, varying from 0.5 (i.e., the breakwater
begins to affect the waves) to 3.0, which is the limit constrained by the depth of the breakwater.

(a) (b)

40 % 70%
@: 35% u".l‘i 60 %
o L
7 30% > 50%
3 25% 3
© T 40%
£ 20% [}
g 15 % g W
F= o Q
o
= 10% -1.0m m, = 0.346 g, = - 0.019 % 20% m—z=-1.0mm, =0.346 g, =- 0.019
= 15mm,=0396q,=+0032| = N = z=-15mm, =0.396 q, = + 0.032
5% 20mm,=0.417q, = +0.086 10% ——z=-20mm,=0417q,=+0.086
w— 7 =-2.5m m, =0.437 q, =+ 0.121 w— 7 =-25mm,=0.437q,=+0.121
0 0
0.5 1.0 1.5 2.0 25 3.0 0.5 1.0 15 2.0 25 3.0
HmO / z HmO /z
(c) (d)
0.50 m, 0.80 m,
e P I
0.25 0.40
o
0 qa, . N
-25 <20 z[m] -15 -1.0 -25 <20 z[m] -15 -1.0
Hm0

Figure 12. Wave damping efficiency for different values of the ratio “2*. (a) Wave height decay, (b) wave
power decay; (c) and (d) show the relationship between the value of the parameters of the logarithmic
relation and the depth of the ridge of the submerged breakwater.

The regressive parameters m and g can be further related to the ridge depth z, showing a linear
relationship (Figure 12¢,d) and allowing us to relate the damping efficiency only to the wave climate and
the depth of the ridge of the breakwater, without performing any simulation (10, wave height damping; 11,
wave power damping):

H
Ej = my, 'ln(TmO) +qn

(10)
my, = —0.599 -z + 0.294

qn = —0.0958-z - 0.112
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H,
Ep :mp-ln(Tmo)—i-qp (11)
my, = —0.0866-z + 0.513
gp = ~0.1918:2 - 0.180

Our findings show that the simplified formulation we propose can successfully support the
stakeholders in providing an initial assessment of the effectiveness of the submerged breakwater,
with particular reference to its design and the further maintenance measures. Although both
Equations (10) and (11) have been computed as site specific depending on the surrounding bathymetry,
the prevailing environmental conditions and the configuration of the breakwater, the results can have a
general validity since, in the area of concern, there are no other structures that can significantly affect the
outcomes. The ranges of wave damping we simulated fall within the range of variability provided in the
literature [73,74], both in reference to the wave height and to the wave power, showing that the breakwater
efficiency is a function of the relative submergence of the crest.

4. Application at Calabaia Beach

We finally applied simplified 2D modeling to assess the effectiveness of the submerged breakwater
located at Calabaia Beach through the evaluation of the erosion process affecting the shoreline. Using the
same boundary conditions illustrated in Section 2.4, we used the model to reproduce the erosion process
affecting the nourishment at Calabaia Beach (Figure 13). Since the area has been subject to a large volume
of nourishment, we simulated only one erodible layer, which was characterized by the homogeneous
granulometry of the material.
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Figure 13. Detail of the domain of the model used to evaluate the erosion process at Calabaia Beach.

We simulated input waves with a return period of 200 and 50 years, respectively, and two ordinary
events with monthly and daily frequencies (Table 3):

The analysis shows a significant loss of material from the nourishment, with a bedload from the
protected cell to an offshore direction (Figure 14).
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Table 3. Simulated event characteristic for material loss analysis.

Simulated Hyo [m]  Event Duration [h] Peak Period [s] Wave Direction [deg]
7.20 8 14.02 270
5.00 16 11.85 270
2.00 32 7.49 270
0.25 6 months 2.65 270

Bed level change [m]
..... B Avove 020
W 016 - 020
Bl o012 - 016
[ oos - 012
[ o004 - o008
[ 000 - 004
El-004 - 000
Bl 008 - -004
El-012 - 008
o6 - 012
020 - 016
024 - 020
-------- W02 - 024
El-032 - 028
W03 - 032
| WM Below 036
J [ undefined value
572900 573000 573200 573400 573600 573800 [m]

Figure 14. Bed level change and sediment flux for an event with a return period of 50 years, simulated with
the presence of the breakwater. The metric scale refers to WGS84 UTM 33N, EPSG-32633.

In order to evaluate the magnitude of the erosion, we performed a quantitative analysis of the material
eroded based on the change in the elevation of each element of the grid located within the nourishment
zone, multiplied by the value of its area (12).

n
Material Loss = Z Area;_gjement *DElevation;_jement (12)
i=1

The aggregated data account for the erosion process within the event (Table 4).

Table 4. Summary of material loss data.

With Breakwater Without Breakwater
Event Duration Return Time .
Hmo Volume Loss Mean Elevation Volume Loss Mean Elevation ~ Ratio of Loss
[hours] [years]
[m?] Loss [m] [m3] Loss [m]
7.20 8 200 —629.40 —0.00058 —25245.93 -0.114 40.11
5.00 16 50 —563.94 —0.00045 -21671.71 —-0.101 38.43
2.00 32 0.1 —1681.02 —0.0059 —10910.4 —0.0502 6.49
0.25 6 months 0.03 —700.29 —0.00798 -13307.92 —0.06552 19.00

The results indicate that, with the submerged breakwater, 6 months of ordinary wave action produces
a volume loss of 700 m3, comparable to a single event with a return time of 200 years, which produces a
loss of 629 m®. Submerged barriers are generally not suitable to counteract the erosive process produced
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by ordinary events, requiring complementary measures. Depending on the duration and extent of the
event, nourishment is largely eroded without the protection of breakwater, with a loss of material six to
40 times larger than in the protected configuration.

5. Conclusions

This study focuses on protected nourishment, an environmentally friendly sea defence intervention.
Protected nourishments prove to be effective against extreme phenomena, without providing a valid
support to face the regular action of waves, which can be very detrimental to the shoreline, subtracting
huge amounts of material where the nourishment has been designed. In this work, we develop a simplified
methodology to address the effects of submerged breakwaters on the reduction in energy and power of the
entering wave, at a significantly smaller computational cost if compared to full 2D modeling. We apply
this method to evaluate the shoreline evolution at Calabaia Beach, comparing the effectiveness of the local
submerged barrier with the different characteristics of the waves.

The need for such simplified methods arises from the large number of coastal interventions that are
planned worldwide and from the need to protect them from the consequences of mean sea level rises
and changes in the frequency driven by climate change. The proposed methodology can be used for
analysing and predicting the shoreline development over a period of decades, proving to be an essential
tool in the modeling and design of different submerged sea defences. Moreover, it can be used to achieve
an initial assessment of the long-term efficiency of former submerged breakwaters and the effectiveness
of further interventions, e.g., the use of a larger diameter of nourishment sand or the implementation
of nature-based solutions, such as the planting of native seagrass meadows (e.g., Posidonia oceanica).
However, this method cannot replace the use of the full 2D or 3D mathematical models, since several
phenomena, such as local turbulence, flocculation, benthic suspensions and entrainment of fluid mud
by shear flow, usually require a two or three-dimensional approach to assess their effect on bedload and
erosion. In conclusion, the application of the presented methodology provides the first evaluation of the
effectiveness of the former sea defences built at Calabaia Beach, and proves to be promising in assisting
engineers and/or environmentalists in designing/evaluating the efficiency of coastal interventions not only
in this specific area, but also in worldwide coastal areas where protected nourishments have been designed
or already implemented.
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Abstract: Design criteria for coastal defenses exposed to wave overtopping are usually assessed by
mean overtopping discharges and maximum individual overtopping volumes. However, it is often
difficult to give clear and precise limits of tolerable overtopping for all kinds of layouts. A few studies
analyzed the relationship between wave overtopping flows and hazard levels for people on sea dikes,
confirming that one single value of admissible mean discharge or individual overtopping volume is
not a sufficient indicator of the hazard, but detailed characterization of flow velocities and depths
is required. This work presents the results of an experimental campaign aiming at analyzing the
validity of the safety limits and design criteria for overtopping discharge applied to an urbanized
stretch of the Catalan coast, exposed to significant overtopping events every stormy season. The work
compares different safety criteria for pedestrians. The results prove that the safety of pedestrians on a
sea dike can be still guaranteed, even for overtopping volumes larger than 1,000 L/m. Sea storms
characterized by deep-water wave height between 3.6 and 4.5 m lead to overtopping flow depth
values larger than 1 m and flow velocities up to 20 m/s. However, pedestrian hazard is proved
to be linked to the combination of overtopping flow velocity and flow depth rather than to single
maximum values of one of these parameters. The use of stability curves to assess people’s stability
under overtopping waves is therefore advised.

Keywords: wave overtopping; coastal safety; flow velocity; flow depth; sea dikes

1. Introduction

Wave overtopping assessment is a key procedure within the general design of any coastal defense.
The groundwork for the assessment of wave overtopping was laid by [1], who chose the average
discharge as a design value, stating that “there is no such thing as an absolute discharge: because
the wave heights and periods exhibit a random distribution about a given mean, the discharge will
also vary randomly”. Since [1], several experimental campaigns have been carried out worldwide,
leading to semi-empirical models, which are nowadays largely used for wave overtopping assessment
(e.g., [2-4]). Nevertheless, during the last few years, the increased storminess caused by climate

J. Mar. Sci. Eng. 2020, 8, 556; d0i:10.3390/jmse8080556 25 www.mdpi.com/journal/jmse



J. Mar. Sci. Eng. 2020, 8, 556

change has raised concerns among researchers, engineers and decision-makers: is the average
overtopping an appropriate design criterion? Or are the biggest waves the ones that cause the major
damages and casualties? Allsop et al. [5] highlighted that tests on the effects of overtopping flows
on people indicate that the assessment of mean discharge is not enough to evaluate people’s safety;
the authors proposed maximum individual overtopping volumes as more suitable hazard indicators.
Limits for individual overtopping volumes together with tolerable mean discharges were proposed
in [5], related to overtopping velocities below 10 m/s. However, the authors suggested that lower
volumes may be required for violent overtopping processes with higher velocities. Therefore, it was
emphasized but not discussed further that other flow parameters might play an important role and
be linked to overtopping hazards, namely overtopping flow velocity and overtopping flow depth.
Generally speaking, “the character of overtopping flow hazards depends on geometries of the defence,
the hinterland and the form of overtopping” [5]. Several studies have been gathered and presented in
EurOtop [6], where finally a tolerable limit for maximum individual volumes equal to 600 L/m was
suggested, over which a single event cannot be tolerated by people (Table 1).

Table 1. Tolerable overtopping limits for people proposed in EurOtop (2018).

Hazard Type and Reason Mean Discharge, q (L/s/m) Maximum Individual Volume Vp,ax (L/m)
T verbont retinen No access for any predicted overtopping o access for any predicted overtopping
People at seawall/dike crest. Clear view of the sea. - -
Hyp=3m 0.3 600
Hyp=2m 1 600
Hyp=1m 10-20 600
Hyo <05m No limit No limit

Despite many efforts having been done to assess overtopping flow velocities and overtopping
flow depths on the seaward side, crest and landward side of coastal defenses [7-10], no direct link
has been clearly established between tolerable overtopping individual volumes and discharges with
tolerable flow velocities and flow depths.

Few studies considered overtopping flow depths and velocities in order to estimate the overtopping
hazard for pedestrians [11,12]. In some cases, the referred limits were obtained from physical
experiments using anthropomorphic dummies, and in other cases [12], a video analysis of real flooding
events was performed. In addition, any formula for overtopping flow depth and velocity does not
necessarily refer to the same specific overtopping event, since the 2% exceedance probability of the
two quantities is considered. These quantities are proved to not be correlated [10]. Nevertheless,
when looking at the maximum individual overtopping volumes, the aim is to characterize the flow
depth and velocity associated to that volume, since it is the one reported as threshold value for
safety [6].

The present work analyses the overtopping discharges, volumes, overtopping flow depth and
velocities that can lead to risk scenarios for people. This work focuses on coastal defenses in highly
urbanized areas. For this purpose, the case study of Premia de Mar is analyzed, which schematically
represents the coastline north of Barcelona, Spain. The main purpose of this study is to discuss the
validity of the present safety limits and design criteria for the Catalan coast. To reach this objective,
physical model tests were carried out, modelling a layout that resembles the case study for different
wave conditions corresponding to events with different return periods. The acquired experimental data
were collected, analyzed and compared with the state-of-the-art semi-empirical formulas; the results,
finally, were compared with the safety criteria from [6] and with the stability curves for people
combining flow velocities and depths [12-14].

2. Overtopping Flow Parameters and People Safety

Wave overtopping can be distinguished between smooth “green” overtopping flows and a highly
turbulent “white” overtopping flows. In [6], “green water” was defined as a wave overtopping
which runs up the face of the seawall and over the crest in a (relatively) continuous sheet of water.
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In contrast, ‘white water’ or spray overtopping tends to occur in cases of significant splashes, due to
heavy waves breaking on the seaward face of defense structures which produces non-continuous
overtopping and/or significant volumes of spray. The main parameters that are commonly employed
to characterize overtopping flows are the mean overtopping discharge, 4, and the individual maximum
overtopping volume, V¢ Plenty of semi-empirical models have been derived that allow quantifying
mean discharge values and depend on the kind of structure and hydraulic boundary conditions. Dikes
with gentle slope, namely between 1:7 and 1:2, are studied in [3,4,6,15,16]. Steeper slopes up to vertical
walls were analyzed in [17-20], where the last one includes cases of structures with emergent toe.
Goda [21] proposed a set of unified formulas for smooth impermeable sea dikes where new coefficients
were derived as a function of local water depth, foreshore slope and dike slope. The influence of the
foreshore slope for very and extremely shallow water conditions [22] was taken into account in [15] by
means of the equivalent slope concept. Similar to this, [20] employed an imaginary slope for wave
run-up and overtopping calculations. Other authors focused their attention on the characterization of
overtopping flow depths and velocities, such as [9,10,23,24].

Even though the scientific literature available on wave overtopping prediction is very extensive,
there are few works dealing with the stability of people under the effect of wave overtopping flows;
that is limited to a modest number of studies. In this area of investigation, some studies have tested
human subjects in controlled flow conditions which have generated a quantification of the critical flow
parameters and mechanisms, possibly leading to a person losing stability and falling in the surrounding
flow. The first study with the purpose to analyze the human stability in wave overtopping flows
was promoted by the Japanese Port and Harbor Research Institute (PHRI), the results of which were
published in [11]. The authors proposed two models of human instability: “slipping” and “tumbling”.
The first one occurs when the flow force against the body (Fy) is bigger than the maximum available
bottom friction resistance of the subject (F;). The second mechanism models the falling process arising
when the unbalancing moment produced by the flow around the feet of the subject is bigger than the
restoring moment produced by the weight of the person (M;). Sandoval and Bruce [12] revisited the
model of [11], accounting for the buoyancy of the subject, as well as its related position respect to the
incoming flows. The analysis for each mechanism of instability can be derived as follows:

1. Friction stability (F¢-Fy)

2. Hng§
usd = Crp Bl (1)
2. Momentum stability (M;-My)
dymg-g
ud = CopBl 2)

where

u = flow velocity (m/s);

d = flow depth (m);

p = density of water (kg/m?);

u = coefficient of friction between shoe sole and ground (-);

B; = average diameter of the subject legs (m);

Cy = drag coefficient (-)

d; = distance from pivot point to the center gravity (m);

mg = subject’s mass (kg)

The moments generated by the flows (M) can be calculated as the drag force applied at the half of
the depth. On the other hand, the restoring moment (M) is a function of the person’s weight and the
distance to the pivot point (d;).

More recently, Arrighi et al. [13,14] compared the experimental evidence for humans and vehicles
with the results of a numerical investigation. The authors identified relative submergence and
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the Froude number as the most relevant parameters to express the vulnerability of pedestrians.
They derived a regression curve for human stability, expressed as follows:

Hyp 029
Hp 024 +Fr ®

where H,,p is the critical flow depth, Hp is the height of the subject, while their ratio represents the
relative submergence. If H/H,,p < 1, the person is stable. The Froude number is calculated as w/4/(gd).

3. Overtopping Flow Velocity and Flow Depth Estimation on the Dike Crest

There is already plenty of literature dealing with the estimation of overtopping flow
parameters [10,25,26]. The equations for overtopping flow depth and velocity at the dike crest can be
expressed in a general form as follows:

X,

dao, = Cap, (Rugg, — Rc)exp(—cc,dgc) 4)
X,

10, = Cypop (Rutgey, = Rc)exp(—cc,u %) 5)

where d9, is the overtopping flow depth on the dike crest, 159, is the overtopping flow velocity on the
dike crest, x. is the streamwise coordinate on the dike crest, p is the bottom friction coefficient, Ruyo, is
the wave run-up, R, is the crest freeboard respect to the still water level (Figure 1). The subscript 2%
refers to quantities exceeded by 2% of the number of the incident waves. The coefficients c¢;p9,, ¢;29,,
Ccd, and ¢, are empirical coefficients, and the values can vary according to the literature. For run-up
assessment, formulas are here omitted for sake of simplicity. The reader can refer, for example, to [6].

Figure 1. Scheme of overtopping flow on a sea dike.

Instead, Hughes [24] established empirical relationships between individual overtopping wave
volumes and the maximum velocity, maximum flow depth and individual discharge, based on data for
1:3 and 1:6 dike slopes:

u = 27,67 YV martana )
Tm—l,O
d = 0.324 Vyax )
Vtana
Gmax = 7.405V ax T 8)
m-1,0
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In this case, u and d refer to the maximum velocity and depth on the dike crest, respectively.
The dike slope and the wave period are included in the relationship, but most important there is a
direct link with the individual overtopping volume. This was also confirmed by [27], who derived
expressions for overtopping flow parameters analytically based on wave momentum flux, in analogy
with [28].

4. Case of Study

4.1. Site Description and Model Geometry

Physical model experiments were carried out in the CIEMito wave flume at the Maritime
Engineering Laboratory of Universitat Politecnica de Catalunya—BarcelonaTech (LIM/UPC),
in Barcelona, Spain. The geometrical layout used for the experimental campaign resembles the
beach and coastal protection in the area of Premia de Mar, municipality in the Comarca of the Maresme
in Catalonia, Spain (Figure 2). This stretch of the coast is characterised by the presence of both railways
and a promenade/bike path which are very exposed to possible sea storms, being located at a few
meters from the shoreline. A dike made of natural stone with a relatively steep slope (1:1) characterises
this coastal area. In the physical model tests, the effects of the rubble mound have been neglected,
considering a smooth slope instead. It is in the interest of the present research to analyse those stretches
where nourishment was no longer performed (characteristic in the winter season and storm events).
Hence, the beach has been eroded, leaving the dike exposed directly to the sea. A water depth at the
dike toe is between 0.5 and 1 m and the crest of the dike is 3-4 m above the mean sea level.

YAlélla Parc

Figure 2. Territorial framework of the study case (source: Google Maps).

In particular, the area near to the railway station was studied. This area has a long history of
flooding. This stretch of the coast, in fact, contains a railway and a bike path, and both are very exposed
to possible sea storms, being located at a few meters from the shore (see Figure 3). Besides risks
related to the safeguarding of human life, the analysis of the overtopping rates for this structure is
motivated by the occurrence of violent wave climate events that have been recorded in the last decade.
These events have consequent damages to infrastructures located just behind the dike and service
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interruption of the public transport for a line that is strategic for the zone, connecting it directly to the
metropolitan area of Barcelona. Additionally, Premia de Mar can be considered as representative of
many other domains of the Mediterranean Sea located in urbanized areas.

Figure 3. Photographs representing the current state of the study area.

The repetition of overtopping episodes shows the inability of the coastal defense to contain the
transmitted energy within acceptable limits and therefore the urge to assess the safety of the existing
coastal structure and eventually adapt its geometry.

The studied area is mainly composed of low-lying beaches and narrow coarse sand emerged
beaches with a relatively gentle slope. It is mainly an urbanized area where several industrial activities
are present. The bathymetry data were initially extracted from the EMODnet Digital Terrain Model
(DTM). Close to the coastline, these bathymetry data were integrated with more detailed data from a
survey carried out by LIM/UPC technicians with a home-built sailing drone (see picture in Figure 4).
The drone was equipped with two motors, an echo sounding of 120 KHz with a working range of
water depths varying from 0.15 to 13 m. The drone was controlled remotely.

Profie 1
— — —Profie 2

water depth (m)

x(m)

Figure 4. Bathymetry extracted from the LIM/UPC drone survey (left plot) and resulting profiles
by merging existing data with the carried-out survey (right plot). A photo of the drone is in the
small picture.
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The local water level employed for the drone measurements was corrected based on the information
of the tie gauge installed in Barcelona harbor. Example of bathymetric profiles are depicted in Figure 4
(right plot), where x is the distance from the shoreline. An average slope of 1:30 was identified; however,
some abrupt bathymetric changes can be noticed in the first 10-20 m, where profile 2 is steeper than
profile 1. Hence, to account for local variations of the bathymetry in the studied area, two different
foreshore slopes were finally used for the experimental campaign, namely 1:15 and 1:30.

4.2. Experimental Setup and Wave Conditions

The wave flume is 18 m long, 0.38 m wide and 0.56 m high. The wave generation system is a
piston-type board. The support structure consists of square metal sections, and both laterals and
bottom walls are made of tempered glass which allows a complete view of the tests and clear video
camera recording.

The model (scale is 1:50) was built and operated according to Froude’s similarity law. A sketch of
the layout is proposed in Figure 5, where all dimensions are in model scale. The model consists of a 1:n
transition slope followed by a 1:m foreshore slope, where n is equal to 8 for m = 15 and 5 for m = 30,
respectively. A 1:1 smooth dike made of polymethyl methacrylate is located at the end of the foreshore.
The dike height is 0.09 m. Different widths for the promenade (i.e., crest berm) were modelled, namely
0.12 and 0.24 m, to be representative of the different stretches along the coastline. The freeboard varies
between 0.061 and 0.081 m, with toe depths of 0.009-0.029 m (Table 2).

WG1 WG3 WG5
WGOWG2 WG4 WG6 WG7

AWGs
[
10

waves

7.200 m 1.06 m 212 m

Figure 5. CIEMito wave flume—drawing of the longitudinal section (distorted). Dimensions are in
model scale. The value of m is equal to 15 and 30, respectively. Accordingly, n assumes values of 8 and
5, respectively.

Table 2. Geometric characteristics of the tested dike layout.

Scale hioe (m) R (m) Promenade Width (m)
Model 0.009-0.019-0.024-0.029 0.81-0.071-0.066-0.061 0.12-0.24
Prototype 0.45-0.905-1.2-1.45 4.05-3.55-3.3-3.05 6-12

Irregular wave tests, employing a JONSWAP spectrum with enhancement factor equal to 3.3,
were performed. Each test consisted of approximately 1,000 waves. In total, 420 tests were conducted.
We consider 243 tests for the present analysis, having excluded those ones with no or inaccurate
overtopping flow property measurements. The tested wave conditions were derived from the extreme
wave forecast based on data acquired by the buoy of the Puertos del Estado, located outside Barcelona
harbour, for return periods of 1, 2, 5 and >10 years. Deep-water wave height ranges between 2.58 and
4.78 m, with peak periods between 7.96 and 13.16 s. These values correspond to those propagated
from offshore to a water depth between 14.5 and 15 m, being the up-scaled water depth values at the
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wave generation location. These conditions correspond to very shallow and extremely shallow water
conditions, based on the definition in [22], hme/Hmo,dmp being between 0.1 and 0.38, where /. is the
water depth at the dike toe and Hyg geep is the deep-water wave height.

The experimental tests carried out aimed to measure the following parameters: free surface
water elevation along the wave flume, 1 (m); cumulated overtopping volume, Vi, (L/m); mean
overtopping discharge, q (L/s/m), obtained as Viot/T yum-1,0,deep *Nuw,deep, Where Ty1,0,deep is the spectral
wave period close to the wave generation (offshore) and Ny geep is the number of waves offshore;
maximum overtopping volume, V5, (L/m); flow depth associated to the maximum overtopping
volume, d (m); and horizontal velocity associated to the maximum overtopping volume, u (m/s).

4.3. Measurement Setup

Eight resistive sensors were placed along the flume to measure the water surface elevation at
different location (WG0-WGS), working at a sample frequency of 80 Hz. The distance of the resistive
wave gauges with respect to the mean paddle position is reported in Table 3.

Table 3. Location from paddle of resistive wave gauges (in meters).

Sensor WGo WG1 WG2 WG3 WG4 WG6 WG7 WG5
x (m = 15) 2.8 2.96 3.15 3.40 3.69 7.20 8.20 9.20
x (m = 30) 2.8 2.96 3.15 3.40 3.69 7.20 8.20 9.20

Overtopping flow depth and overtopping flow velocity were measured by means of redundant
systems, composed of two high-speed cameras and two ultrasonic sensors. The results were compared
and averaged. Two ultrasonic sensors were place on the dike top to measure flow depths (AWGO,
AWGTL), with resolution <0.3 mm. AWG 1 is positioned 2.5 cm away from the dike edge for the crest
width of 0.12 m and 6 cm for the crest width of 0.24 m. Distance between AGW1 and AWGO varied
between 5.9 cm and 9.2 cm. The position of the two ultrasonic sensors and the vertical distance from
the crest were optimized case per case to avoid interference between the sensors and optimize accuracy.
The AWG raw signal was acquired with a sampling rate of 100 Hz and filtered in Matlab environment
in order to derive overtopping flow depth and velocity on the dike. The velocity was calculated with
the indirect methodology:

distanceawg distanceawg
UAWGH,, = — 7+ WAWGH =
tip Att,'p ! e Atygx

©)
where the delta values are, respectively, the temporal distance between the two maximum points Atq
and the distance between the two starting points of the event Aty;,. The latter ones correspond to a
threshold value of 1Imm, which identifies the tip of the overtopping wave. An example of the time
series of flow depth for a maximum overtopping event is depicted in Figure 6, where the solid line is
the acquisition of the sensor at the end of the promenade (AWGO0) and the dashed line is the registration
of the sensor at the beginning of the promenade (AWG1). The maximum of each signal is marked
with a circle. Threshold values are marked with diamond markers. Here, a clarification is required.
The overtopping volumes are measured after the dike promenade. Hence, flow depth and velocity
associated to maximum event refers to the same location. For flow depth, the signal of AWGO is used,
being the closest sensor to the end of the promenade. However, as described previously, velocity is
measured indirectly, and the calculation employs both ultrasonic sensors. The distance between AWG1
and AWGO is comparable to the promenade width, and therefore the calculated velocity cannot be
considered as the instantaneous velocity at the promenade end. Therefore, the layer velocity associated

32



J. Mar. Sci. Eng. 2020, 8, 556

to the maximum volume and corresponding to the maximum flow depth, dswco, has been calculated
resolving the following system, considering momentum conservation:

dAWG1UAWG1 = dAWGOHAWGO 10

u — Mawcituawco (10)
AWGtax — 2

where 1 swGinay is the average velocity as previously described, d awco and dawg; are the maximum flow

depth values at AWG0 and AWGT1 location, respectively, and uapco and 14wy are the instantaneous

velocities associated to dawgo and dawci, respectively. For all analyses reported in the next sections,

we will refer to dawgp and dawgs as maximum flow depth d and overtopping flow velocity 1,

respectively, for sake of simplicity.

<103

AWGO
— — —AWG1
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Figure 6. Example of simultaneous time series recorded by ultrasonic sensors.

The high-speed cameras were working at 200 fps. They were placed in order to provide the top
and lateral view of the overtopping flows on the dike crest. Camera 1 was placed on the top of the
structure. The dike promenade was graduated with equally spaced lines (1 cm). Camera 2 was placed
in front of the lateral glass wall, on the side of the sea-dike model, where a transparent paper graduated
with 0.5 cm squares was placed. From camera 1, only layer velocity could be measured as s/At, where s
corresponds to the distance measured on the reference 1ecm frame equal to the distance between the
two ultrasonic sensors; At is the time needed for the tip of the overtopping flow to run such a distance.
From camera 2, flow velocity and depth were measured: the lateral view allowed us to identify both
the tip of the overtopping wave and the height of the overtopping layer (Figure 7). The results were
compared with the ultrasonic sensors.

The same considerations for instantaneous and average velocities were made for the cameras’
measurements. Figure 8 plots the correlation between the measurements of maximum flow depth
carried out by means of ultrasonic sensors and high-speed camera (CAM2). Data were divided
according to the foreshore slope. A correlation coefficient R? between 52% and 73% was calculated.

The individual and mean overtopping volume was collected inside an isolated metallic water box,
connected to the edge of the promenade by a 9 cm-wide chute. Two load cells were installed under
the overtopping tank located into the box in order to measure the cumulated water weight, with an
acquisition frequency of 20 Hz. The volume was obtained by dividing weight by water density.
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Figure 7. Lateral view with high-speed camera (CAM2).
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Figure 8. Correlation between overtopping flow depths measured with ultrasonic sensors and
high-speed cameras.

4.4. Wave Analysis

Classical linear reflection analysis methods are not suitable in shallow water conditions because
non-linear effects are dominant [4], since the generation of low-frequency waves is dominant and
affects the value of the mean wave period T}, 9. This wave period is shown to be important for many
wave-structure interaction processes, and can be used to assess the response of coastal structures
with shallow foreshores [15,20]. Hence, the dike was removed, and horizontal bottom followed by
absorption material was placed, instead, to measure incident wave conditions at the dike toe, which
are required for the analysis. Sensor WG5 was moved to the dike toe location and used for the scope.

A limitation in the experiments is the use of first-order wave generation and the lack of active
absorption of long-wave energy. For spurious long waves in the flume, the lack of second-order wave
generation is found to be negligible due to the relatively large water depth at the wave generator and
low steepness [29]. The natural frequency of the current flume set-up is around 0.045-0.05 Hz for
different test conditions and foreshore slopes, which are found to be outside of the frequency range of
the infragravity waves in the flume. Moreover, there is no increasing trend of the observed long-wave
energy at the toe of the dike. A passive absorption system was found to be sufficient to reduce the wave
reflection, except for the seiching motion. The energy at the seiching frequency band was removed in
the analysis of the wave parameters. Despite the energy associated to seiching modes being between
7% and 20% of the total energy at the dike toe, it was decided to neglect it for further analysis. Seiches
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might have a significant influence on the mean discharge values; however, for individual events, it is
very unlikely that the maximum overtopping event occurs when the crest of the seiche is at the dike
toe, thus maximizing individual discharge.

An example of typical wave spectrum at the dike toe is depicted in Figure 9, showing an important
shift of the wave energy from the JONSWAP typical spectral shape to low frequencies, generated by
the heavy wave breaking and consequent release of long waves.
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Figure 9. Example of wave spectrum for incident wave conditions at the dike toe (values in model scale).
4.5. Scale Effects

The employed model scale is relatively small and can cause concerns on the possible scale
effects that might affect wave overtopping. Heller [30] provided an overview of limited criteria for
flow-structure interaction phenomena and showed typical applied scales for the investigation, which
are a good compromise between a reasonable model size and moderate scale effects. However, based on
this classification, scale effects are not necessarily negligible and need further investigation. Therefore,
the influence of viscous forces and surface tension has been analysed, in accordance with what was
reported in [6]. The Reynolds and Weber numbers for wave overtopping (Req and Weq) were calculated.
The results were compared versus the proposed critical limits, namely Req > 10% and Weq > 10. In total,
25 cases showed a Req < 10° and Weq < 10. Further analysis was carried out to quantify scale effects
on those cases following two different methodologies: (1) a correction for the model scale, based
on [6] was calculated; (2) an artificial neural network (ANN) proposed by [31] was employed, and the
predicted overtopping discharges were compared with the measured ones. Both methodologies prove
that scale effects can be neglected. The correction calculated with [6] method ranged between 1 and
2.5. ANN predictions show values in the same order or just smaller than experimental ones. Further
details are here omitted for the sake of simplicity.

5. Results

5.1. Relationship between Mean Discharge, Individual Volumes and Overtopping Flow Parameters

Figure 10 shows the relationship between mean overtopping discharge and maximum individual
overtopping volume. Data are divided according to the slope of the foreshore. For the same mean
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discharge, the maximum individual volume is smaller for the 1:30 foreshore slope than for 1:15 foreshore
slope: heavy breaking caused by gentle foreshore and shallow water conditions provoke more energy
dissipation and reduce the chance of very big individual overtopping events. The steeper slope is
characterized by less but more intense overtopping events; meanwhile, the gentle slope experiences
more events, but these are smaller in magnitude. This suggests that overtopping processes on milder
slopes are somewhat less violent, in agreement with analysis proposed in Chapter 3 of EurOtop [6].
The thresholds proposed by EurOtop for people’s safety (Table 1) are drawn in Figure 10, both in terms
of mean discharge and maximum volume. It is important to note that while tolerable discharge values
vary depending on the local wave conditions at the dike toe, for maximum volume the threshold is
fixed at 600 L/m with no further considerations. Almost all experimental results show volumes higher
than the proposed limit; however, all values of mean discharge are within the limits of 10-20 L/s/m,
a value suggested for wave height at the dike toe equal to 1m (same order of results got during the
experimental campaign). This inconsistency will be discussed later.
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Figure 10. Variation of maximum individual overtopping volume with mean discharge (dimensions in
prototype). Limits for safety of pedestrians and assets based on EurOtop (2018) are shown. The two
vertical blue lines correspond to tolerable discharges of 10 L/s/m and 20 L/s/m respectively, for H,,,p = 1 m.

The relationship between g and V;,x seems pretty linear, whereas more dispersion can be noticed
looking at the overtopping flow depth and velocity behavior versus individual overtopping volume
(Figure 11). This is especially true for the 1:15 foreshore slope, where more intense overtopping events
are far more energetic and violent than the ones for 1:30 slopes.

It must be remarked that the measured overtopping flow velocities are not necessarily the highest
velocities recorded during the overtopping process, but they are the ones associated to the overtopping
event characterized by the maximum individual volume. In agreement with [24,27], a correlation
between overtopping flow parameters and individual maximum volumes is noticeable, differently
from mean overtopping discharges (Figure 12), where larger scatters are noticed.

From a practical point of view, it is important to relate the overtopping flows to the sea storm
conditions that have generated such flows. The variation of overtopping layer thickness and velocity
with deep-wave spectral wave height and peak period is therefore shown in Figure 13. A relatively
large scatter is noticed for steeper foreshore slopes, for which overtopping flow depth increases with
the deep-water peak period. Low values of flow depth and velocity correspond to wave heights
smaller than 3.6 m and wave periods shorter than 10 s. The presence of a gentle slope reduces both
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the flow depth and velocity, due to the more intense wave breaking that occurs far from the dike
toe and generates bore-type flows running on the dike and finally overtopping. These flows can be
described as overtopping green water. For the 1:15 slope, especially for the largest values of water
depth at the dike toe, the breaking occurs very close or partly on the same dike slope. The overtopping
is characterized by very rapid flows running on the seaward edge of the dike, detaching from the crest
initially and then splashing on the promenade. For these flows, very large depths are achieved for
deep-water wave heights between 3.6 and 4.5 m and wave periods larger than 11.8 s.
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Figure 11. Variation of overtopping flow velocity and depth with maximum individual overtopping
volume (dimensions in prototype) for two different foreshore slopes.
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Figure 12. Variation of overtopping layer velocity and depth with average overtopping discharge
(dimensions in prototype) for two different foreshore slopes.
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Figure 13. Variation of overtopping layer velocity and depth with deep-water wave characteristics
(dimensions in prototype) for two different foreshore slopes.

To better understand the possible correlation among variables, a dimensional analysis was carried
out. According to Buckingham’s 7t theorem, if there are n variables in a problem containing k primary
dimensions, the equation relating all the variables will have n-m dimensionless groups. In mathematical
terms, it is possible to write:

f(HmOr Tm—l,O/ toe, 11, d, q, Vinax, Re, 8 mnecqr B) =0 (11)

where H,;,p and T),.1 ¢ are the spectral wave height and period at the dike toe, respectively, /11 is the
water depth at the dike toe, B is the width of the dike promenade, g is the gravity acceleration, q is the
average overtopping discharge, V;qr the maximum individual overtopping volume expressed in L per
meter of crest width, R the crest freeboard, and u and d are the overtopping flow velocity and depth,
respectively. The parameter tan6,,; corresponds to the equivalent slope, calculated starting from the
dike and foreshore slope for cases with foreshores in shallow water conditions, as indicated in [14].
Hence, n = 11 and k = 2, leading to nine dimensionless parameters:

Huo Tm-10 B mnefﬂ u d q Vinax Re | 0 12)
hoe” \&htoe td’ gH;lO ’ Ghitoe "Huo' gng ’ %H’"OTEM—,O " Huo
21 mi-0

The selection of each dimensionless group is based on the current literature and intends to be
physically meaningful. As for example, the wave period and the overtopping flow velocity were
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divided by the square root of ght., corresponding to the wave celerity in shallow waters. Identification
of dimensionless groups will help to investigate possible relationships between overtopping flow
depth and velocity with other variables at stake. The relationship between overtopping flow depth
and velocity with individual maximum overtopping volumes, has been investigated in terms of
dimensionless groups as shown in Figure 14. It is possible to distinguish two different trends, one per
foreshore slope. Lower values of the dimensionless velocity are shown for a wide range of volumes
in case of the 1:30 slope. Opposite to that, a wide variation of velocities is shown within a relatively
short range of volumes for the steeper foreshore. A more careful analysis of the results shows that the
overtopping flow depth is greatly affected by the promenade width (see Figure 15), which does not
show a clear correlation with overtopping flow velocity.
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Figure 14. Variation of dimensionless overtopping layer velocity and depth with dimensionless
maximum individual overtopping volume for two different foreshore slopes.
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Figure 15. Variation of dimensionless overtopping layer velocity and depth with dimensionless
maximum individual overtopping volume for two different promenade width.
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The results for overtopping flow depth and velocity were compared with formulas proposed
in [6,26,27,32], who finally expressed both overtopping flow parameters as a function of wave run-up
and crest freeboard. The application of the aforementioned methods requires an estimation of the
run-up. Notwithstanding this, wave run-up assessment for very and extremely shallow waters and
relative steep dikes cannot avoid inaccuracies, due to the fact that experimental data fall outside the
range of application of any known semi-empirical formula to calculate Ry, or Rysx. The results are

depicted in Figure 16, where it is clear that poor agreement is found between the experimental results
and calculated values.
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Figure 16. Estimation of overtopping flow depth and velocity employing existing formulas from
Schiittrumpf and Van Gent (2003), Trung (2014) and EurOtop (2018).

5.2. Overtopping Flow Parameters Expressed in Terms of Individual Maximum Overtopping Volume

The application of the formulas proposed by Hughes [24], being a function of the maximum
individual overtopping volume, are considered more adequate to be applied to the presented results,
without further sources of uncertainty. It must be noticed that [24] analyzed overtopping flow
parameters only at the seaward edge of the dike crest and not along it. The effects of the crest width
were therefore neglected. Comparisons are reported in Figure 17: unlike overtopping flow depth, flow
velocities and discharges are considerably under predicted. A possible explanation is the influence
of the spectral wave period: T},.1 9 can be found at the denominator of Equations (6)—(8); however,
the measured wave periods are far larger than the one tested in [24], as deeply affected by heavy
breaking and release and shift of the spectral energy to very low frequency as result of the release of
infra-gravity waves for very and extremely shallow water conditions.
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Figure 17. Estimation of overtopping flow depth and velocity employing formulas by Hughes (2015).

Mares-Nasarre et al. [10] demonstrated that overtopping flow velocity and flow depth are
correlated if we look at them in statistical terms; they appear to be independent when related to
the same individual overtopping event. Notwithstanding this, we aimed to further investigate
possible correlations among dimensionless valuable. For the scope, the evolutionary polynomial
regression (EPR) technique by [33] was employed. EPR implements a multi-modelling approach
with multi-objective genetic algorithm. This technique was already successfully applied to coastal
engineering problems [34,35] to find a simple and easily interpretable mathematical models that
express the reflection coefficient variation for irregular waves for a particular low-reflective caisson
breakwater. After several iterations, the following expressions have been found for overtopping flow
depth, overtopping flow velocity and individual overtopping discharge:

/ R
Ueglculated EPR = 0.254 Vmaxfl CO (13)
m

f Hocm-10
dcalculated epR = 0.343 1 | Vipax mR o (14)
cXe
/gé -1,0
Jmax,calculated EPR = 0.25V ax —z (15)
¢

Similar dependence on the individual overtopping volume is found by employing EPR as by [24,27].
In addition, a certain influence exists of the location, x,, where flow parameters are measured, of the
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surf similarity parameter &,,.; o and dimensionless freeboard R./H,,o. The surf similarity parameter is
here calculated by employing the equivalent slope as defined in [15]. The influence of the freeboard
might be explained as follows: for the same volume, a higher freeboard will lead to lower flow depths
(run-up is lower). In addition, the surf similarity parameter will be bigger for longer periods (i.e., bigger
wavelengths), leading to bigger individual discharges.

Measured overtopping flow parameters are plotted against the calculated ones in Figure 18. Large
scatter is noticed especially for those cases with steeper foreshore slope and narrower crest width:
the more violent overtopping events, often characterized by splashes and jets, make it more difficult to
measure overtopping flow properties without errors (R? is about 50%). In any case, it is important to
emphasize here that it is not intended to find new relationships for the overtopping flow parameters
to overcome or upgrade the ones already proposed in the literature. The EPR analysis is carried out
to provide a general overview of the possible correlations among variables and help to interpret the

results. Larger databases are required to optimize any regression for the flow properties on the dike
crest, but this is out of scope of the present work.
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Figure 18. EPR results for overtopping flow properties on the dike crest versus measured ones.

6. Analysis and Comparison of Safety Criteria and Limits of Wave Overtopping for Design of
Sea Dikes

In the previous section, a possible correlation among the aforementioned variables was shown.
Overtopping flow velocity and flow depth show a clear dependence on the individual volume, as also
confirmed by [24,27]. Poor correlation is noticed with the mean overtopping discharge instead. Usually,
the only overtopping variables considered during the design of any coastal defense are the mean
discharge and the maximum volume. According to [6], people standing and walking on or behind
a coastal defense can be considered safe when the volume and discharges values are within certain
limits: a preliminary comparison of the obtained experimental data with the tolerable limits of Table 1
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is shown in Figure 10. The results indicate that: (1) the measured values of volumes are bigger than the
proposed threshold, except for a very few cases; (2) mean overtopping discharge is always within the
proposed thresholds.

Considering the limit on individual volume stronger condition than the one on discharge, it can
be concluded that the limits presented in [6] are not verified for this particular case. However, a deeper
look at overtopping flow properties leads to different conclusions. The safety conditions are evaluated
through the stability curves proposed by Sandoval and Bruce [12] and Arrighi et al. [14]. The results
are plotted in Figures 19 and 20, respectively. Data are categorized in terms of crest width and mean
overtopping discharges, based on [6] (q < 5; 5 < q < 15; q > 15 L/s/m). Moreover, Figures 21 and 22
show the same comparison but data are gathered in three different groups depending on the maximum
individual overtopping volume (Vmax < 1,000; 1,000 < Vinax < 5000; Vimax > 5000 L/m). Stability curves
calculated for a male adult person and a 10 year old child are plotted in Figures 19 and 21, respectively.
All data above the safety curves lie in an unsafe region, whereas all data below the lines correspond to
safe flow conditions.

Looking at overtopping flow properties, it becomes clear that overtopping safety criteria based on
mean discharge and maximum volume are not sufficient and might lead to overpredicting the hazards
related to overtopping events. Although almost all cases present individual maximum volumes
higher than 600 L/m, at least 20% of them can be considered safe if looking at combination of flow
velocity and depth. The influence of the berm width is remarkable: for shorter berms, almost all cases
with Ve > 1,000 L/m fall within the unsafe region (above the curves in the figures), while the same
volume can be not so critical for longer berms, for which the results are more scattered. Cases with
Vinax > 1,000 L/m that lead to unsafe flows are those with mean discharge q > 5/L/s/m, apart from a
few exceptions. In general, very high discharges and volumes, respectively greater than 10 L/s/m and
5000 L/m, lead to unsafe flows for both considered promenade widths.

T
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Figure 19. Flow depth versus velocity, comparison with Sandoval and Bruce (2017) curves, the discharges
are divided for different promenades and measured average discharge.
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Figure 20. Froude number versus relative submergence, comparison with Arrighi (2017)
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Figure 21. Flow depth versus velocity, comparison with Sandoval and Bruce (2017) curves, the discharges
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Figure 22. Froude number versus relative submergence, comparison with Arrighi (2017) curve,
the discharges are divided for different promenades and maximum volumes.

The results show that the design of costal defenses must fulfil certain conditions that aim to
guarantee the safety of people on or behind coastal defenses. These conditions cannot be reduced to
the overtopping assessment of mean discharges and maximum volumes. Assessment of overtopping
flow velocity and flow depth is required, in order to upgrade the current design criteria. To evaluate
the flow velocity and depth associated to the maximum overtopping event is not an easy task and any
semi-empirical model that can be derived would be limited to specific hydrodynamic conditions and
geometrical layouts. Instead, experimental or, as an alternative, numerical modelling provide a further
insight into the processes occurring on the dike crest.

7. Conclusions

In this study, 243 physical model tests of wave overtopping on smooth sea dike in very and
extremely shallow water conditions have been carried out in the CIEMito wave flume at LIM/UPC.
Two different foreshore slopes have been tested, 1:15 and 1:30, respectively. The dike has a crest or
promenade at the end of which the velocity and flow depth are measured. Overtopping volumes are
collected right after the promenade. The experimental campaign aimed at modelling sea states that
characterize an urbanized stretch of a town along the Catalan coast located a few kilometers north of
Barcelona, where a promenade/bike path and a railway running along the coastline are exposed to
significant overtopping waves every stormy season.

Overtopping flow properties were measured by means of a redundant system that consists of two
ultrasonic sensors and two high-speed cameras. Velocity and depth of the maximum overtopping event
characterizing each test were measured. They proved to be dependent on the associated individual
volume, crest freeboard and promenade width; however, correlation is weak, especially for the steeper
foreshore cases. No clear correlation with mean discharge is found.

Two different methods to evaluate people safety have been used: tolerable limits for mean
discharges and volumes, as proposed in [6] from one side, and the vulnerability of pedestrians
expressed as a critical combination of flow velocity and depth [12-14]. The outcomes of the two criteria
have been compared and discussed.

45



J. Mar. Sci. Eng. 2020, 8, 556

The results of the experimental campaign are specific for the studied area. It must be considered
that all experimental tests have been conducted for the worst-case scenario of smooth dike, where,
instead, the actual dike presents a rough and permeable seaward slope. The first evidence emerging
from the study is related to the role of the foreshore on the overtopping flows and coastal safety.
A gentle foreshore induces intense wave breaking which dissipates part of the incoming wave energy.
On gentle foreshores (e.g., 1:30), a bore-type wave develops that will run on the dike and crest with
small splashes and relatively small flow depths. When the foreshore is steeper (i.e., 1:15), the waves
partly break on the dike (especially for local water depths of 1 m), leading to splashing flows which are
very irregular and turbulent that generate, especially for narrow promenades, very high flow depths.

Critical range of deep-water wave height is 3.6-4.5 m with periods larger than 11.8 s. For these
conditions, the most dangerous combinations of overtopping flow velocity and thickness is achieved,
also related to very large individual overtopping volumes. In the studied area, there are stretches
where nourishment is no longer carried out. However, the outcomes of this study show that, especially
when a relative narrow promenade is present, a soft protection-like nourishment would be advisable,
attaining a higher level of protection by means of more gentle and shallow foreshore slopes.

Besides specific considerations for the studied area, some general conclusions can be drawn:

e  Tolerable discharge values proposed by [6] vary depending on the local wave height at the toe
of the coastal structure. On the contrary, a fixed value corresponding to 600 L/m is reported
as a threshold for individual overtopping volume. It is not clear from [6] whether this value
corresponds to some specific value of overtopping flow velocity as, for example, in [5]. If one
criterion is fulfilled, it can happen that the other criteria appear stronger. For the case study,
average discharges were always within the proposed limits, whereas individual volumes were
above the tolerable value.

e  Opvertopping flow velocities and depths are plotted along with the corresponding maximum
volumes and average discharges. What emerges is a not clear two-way relationship between
maximum overtopping volumes and velocities or flow depth: a dependence does exist, as also
confirmed by applying the EPR technique [33] to the present dataset. Nevertheless, the data
scatter is big, and therefore a larger dataset is required to performed more detailed regression
analysis on the data.

e  Experimental values of overtopping flow velocities and flow depth have been compared with
stability curves for pedestrians (adults and children) placed on the sea dike and subjected to
overtopping waves. The results show a clear influence of the dike crest width, where for mean
discharges lower than 5 L/s/m and volumes lower than 1,000 L/m, a shorter crest does not
necessarily lead to safe conditions, where the longer crest shows a combination of values of
overtopping flow parameters lower than the thresholds calculated using [12,13].

e Volumes bigger than 600 L/m do not always determine unsafe conditions for pedestrians. At least
20% of all analyzed data are in the safe region, for the specific case of study.

e EurOtop [6] tolerable limits and stability curves lead to discordant results. In fact, due to
the non-two-way relationship between volumes and corresponding flow parameters, it can be
observed that flow parameters related to 1,000 L/m maximum volumes can be located in the
unsafe area, while the same parameters related to bigger volumes can even be included in the
safety range for a large enough crest.

Concluding, the experimental campaign suggests that further research is needed in terms of
design criteria for wave overtopping, if related to people’s safety. The proposed tolerable discharge
and volume values from [6] are still valid, but not sufficient to clearly identify a safe or unsafe scenario.
Overtopping flow depth and velocity provide further insight and are advised to be employed, together
with [6]’s criteria, for coastal safety assessment.
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Abstract: Physical model experiments were conducted in a wave tank at Flanders Hydraulics
Research, Antwerp, Belgium, to characterize the wave overtopping and impact force on vertical
quay walls and sloping sea dike (1:2.5) under very oblique wave attack (angle between 45° and 80°).
This study was triggered by the scarce scientific literature on the overtopping and force reduction
due to very oblique waves since large reduction is expected for both when compared with the
perpendicular wave attack. The study aimed to compare the results from the experimental tests
with formulas derived from previous experiments and applicable to a Belgian harbor generic case.
The influence of storm return walls and crest berm width on top of the dikes has been analyzed in
combination with the wave obliqueness. The results indicate significant reduction of the overtopping
due to very oblique waves and new reduction coefficients were proposed. When compared with
formulas from previous studies the proposed coefficients indicate the best fit for the overtopping
reduction. Position of the storm return wall respect to the quay edge rather than its height was
found to be more important for preventing wave induced overtopping. The force reduction is up
to approximately 50% for the oblique waves with respect to the perpendicular wave impact and
reduction coefficients were proposed for two different configurations a sea dike and vertical quay
wall, respectively.

Keywords: overtopping reduction; force reduction; oblique waves; storm return wall;
EurOtop manual

1. Introduction

Densely populated coastal zones with very low freeboards are common worldwide (e.g., Belgium,
The Netherlands, Vietnam). Often the flood protection is provided in these zones by the sandy beaches,
but when it is insufficient or in the case of harbors, the most common solution is storm wall construction.
A storm wall is located on top of the crest of a quay or a dike at a certain distance from the seaward edge
of the crest, providing additional protection against the overtopping waves. During each overtopping
event, the waves runup in form of a bore along its crests before reaching the wall. Usually, this flow is
turbulent, and its velocity is decreased along the crest width. Consequently, the distance between the
edge of the structure and the storm wall is important because it characterizes the wave impact on the
storm wall and overtopping over the storm wall.
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Typically, the wave’s angle is assumed to be perpendicular or at an angle lower than 45° with
respect to the quay’s normal. However, when the harbor opening is orientated against the main wave
direction very oblique waves can approach some of the harbor quays and dikes. There are several
formulas proposed for the overtopping computation under oblique wave attack. One of the most
widely used is the European Overtopping Manual [1,2] which provides validated formulas to calculate
the overtopping discharge for classical configurations (wave angles smaller than 45°). The overtopping
is maximum for the perpendicular wave attack on a storm return wall, but for larger wave angles,
a reduction factor is applied to account for the overtopping discharge decrease. However, the EurOtop
formula suggests keeping the obliqueness reduction factor constant for vertical structures and wave
angles larger than 45°. Obviously, the overtopping discharge reduces with the increasing wave angle
with respect to the structure normal, but the reduction for very large wave angles has not been fully
investigated yet. A similar situation is for the case of the impact force reduction due to the large wave
angle, but studies comprehensively analyzing this reduction are not currently available.

The mean wave overtopping is mainly a function of the relative freeboard and the relationship
between the overtopping discharge and the freeboard is expressed through, in most of the cases,
an exponential formula. Several reduction coefficients are used to account for effects induced by the
presence of a berm, a storm return wall, the surface roughness, and the wave obliqueness.

To investigate the overtopping reduction and impact force reduction for oblique waves a physical
model was set-up at Flanders Hydraulics Research in Antwerp, Belgium. The present study has
three main objectives. Firstly, to investigate overtopping induced by very oblique waves at quay
harbors and to propose reliable reduction coefficients for the overtopping calculation. Secondly,
to identify the influence on overtopping of a storm return wall placed on the quay at different positions
and having variable heights. Thirdly, to evaluate the impact force reduction due wave obliqueness.
Although, it was expected that overtopping and impact forces will be reduced at large wave angles
(respect to the structure normal), quantification of these reductions is still unclearly defined in previous
studies; hence, the necessity of the present study.

2. Overtopping and Force Reduction

2.1. Vertical Quay

A series of formulations describe the overtopping reduction with the large incident wave angle.
Most of the formulas used are presented in [1], but significant contributions are given also in other
previous studies [3-5]. The overtopping reduction due to very obliques wave angles is usually limited
to angles of 45° and for larger wave angles a constant value is proposed.

The most used approach is based on the equations and reduction factors included in the European
Overtopping Manual [1] for non-impulsive conditions:

q
V8t

where q is the overtopping discharge per meter of width of the structure (m3/s/m), Hyyo is the significant
incident wave height, measured at the toe of the structure (m), R. is the crest freeboard (m), and v is
the reduction coefficient that considers the effects of the obliqueness (-).

The coefficient v is expressed in EurOtop as

=0.04 exp(—2.6 (1)

Hmoy B )

Yg = 1-0.0062|B| for: 0° < B < 45° ()
For wave angles larger than 45° a constant value of 0.72 is proposed in EurOtop [1].

The formulations contained in the EurOtop manual [1] assume that different regimes of
non-breaking, impulsive breaking and broken waves may produce differences in the overtopping.
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Although the wave loadings on vertical walls due to individual waves are certainly affected by the
wave regime, it is not clear if the overtopping is affected in the same way. The overtopping discharge is
a mean value where many non-breaking, breaking, and broken waves can contribute in the same wave
train. Therefore Goda [3] proposed an equation that is valid for both non-impulsive and impulsive
wave conditions:

4 _ _ exp —[A—i—Bé{C %J (©))
ngnO m0 YfYB
The constants A and B can be estimated by:
A=Ay tunh[bl (_H:'tm + cl)] @

B = By tanh[bz (%tme + Cz)]

where J; is the water depth at the toe of the dike and Hs . is the incident wave height at the toe of the
dike. The coefficients by, c1, by, and ¢, depend on the foreshore slope as summarized in Table 1.

Table 1. Optimum coefficient values of empirical formulas for intercept A and gradient coefficient B
(after Goda, 2009).

Seabed Slope Coefficient A Coefficient B
tan 6 A0 bl 2 BO b2 2
1/10 3.6 1.4 0.1 2.3 0.6 0.8

1/20-1/1000 3.6 1.0 0.6 2.3 0.8 0.6

The coefficients Ag and By are calculated as a function of the dike slope, cot a5, and their value
ranges between 0 and 7. The expression for the reduction factor for wave obliqueness has been
estimated by Goda [3] as

Yg = 1-0.0096|B| +0.000054p2 for 0° < B < 80° ®)

2.2. Sloping Dike

Several studies investigate the reduction in overtopping due to oblique waves [6,7], but two
formulas from literature were considered due to the similarity with the tests from the present study:
EurOtop [1] (6) for non-breaking waves and van der Meer and Bruce [8] (8) which is an adaptation of
the EurOtop formula.

4 _o exp(—2.6HL) 6)
/ gHrsn o moYfYR
in which the coefficient v is expressed as
Yg =1-0.0083|B| for: 0° < B < 80° 7)
For wave angles larger than 80° a constant value of 0.736 is proposed.
The formula given by van der Meer and Bruce [8]:
13
R
S Y exp(—l.Sﬁ) @®)
3 0§
gHmO " b

in which yg is identical as in (7).
In all the cases ¢ has been assumed equal to 1 (smooth slope). Van Doorslaer et al. [9] propose
a reduction factor yprom_y to take into account the presence of a storm return wall on the top of the
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dike. This coefficient considers both the effect of the wall height and position. The values of Yprom_v
are calculated for each case based on the approach described in Van Doorslaer et al. [9].

q
N gHy

=02 exp(—z.aﬁ ;) )
Hmo vey BYprom_v

Yprom_v = 0-87YpromYV (10)

where Vpom and vy, are the individual reduction factors to consider the effects respectively of the
promenade and of the storm wall. The promenade reduction factor ypom is expressed as

Yprom =1~ 047B/Lin-10 11

where B is the width of the promenade and Ly,_1  is the spectral wave length calculated using the
spectral period in deep waters T,y = m_;/my.

The reduction factor vy, for the presence of a storm return wall is expressed in
Van Doorslaer et al. [9] in function of the wall height (h,,a;1) and freeboard (R.) as follows:

(12)

Yv

_ exp(_0'56hwall/Rc) for hwall/Rc <124
0.5 hya /Re > 1.24

2.3. Force Reduction

There is scarce information regarding the impact forces on a storm wall in case of wave overtopping
by oblique waves. However, the study of Van Doorslaer et al. [10] performed at Polytechnic University
of Catalonia, Barcelona (UPC), used configurations similar to those tested in the present study.
Two structures were tested in the wave flume (scale 1:6): a vertical quay wall and a dike with a smooth
slope. The storm wall was 1.20 m high (prototype value) and located at 10.14 m (prototype value)
behind the edge of the crest. Three water levels were used resulting in freeboard R. from the still water
level to the top of the storm wall of 3.18 m, 2.22 m, and 1.20 m (prototype values). The irregular waves
had a Jonswap wave spectrum (y = 3.3). The significant wave height Hy,o ranged from 0.78 m to 3.00 m
(prototype values); the wave period T, was either 7.00 s or 10.00 s. The experiments were carried
out in two dimensional conditions with perpendicular waves (no wave obliqueness). The authors
proposed a new formula to evaluate the wave force on a storm wall, both for quay walls and sea dikes.
The formula can be expressed as follows:

R,
F1/250 = apgR? eXP(—bH—C) (13)
m0
where Fjp5 is the average force of the highest 1/250 waves. The coefficients a and b (Table 2) are
derived from a non-linear regression analysis and they are considered as the mean value of normally

distributed variables. Under this hypothesis, the relative standard deviation (¢’ = o/u) was calculated
for each coefficient and is reported in Table 2 between brackets.

Table 2. Coefficients a and b in Equation (13) for different geometries (after Van Doorslaer et al. [10]).

Geometry a b
Dike 8.31(0.22) 2.45(0.07)
Quay 18.27 (0.23) 3.99 (0.06)
All 5.96 (0.23) 2.42(0.09)
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3. Methods and Instrumentation

Investigation of the overtopping reduction required a physical model sufficiently large to observe
the alongshore variation and to accommodate the collection of the overtopped volumes, respectively.
However, this structure was not firm enough to prevent vibrations which can severely alter the
impacting forces measurements. Therefore, it was decided to build two different structures, first
one for the overtopping reduction and second one for force reduction due to the wave obliqueness.
The structural layout and hydraulic boundary conditions were assumed based on real conditions
from the Belgian harbors. However, the model geometries do not represent one specific quay or dike,
but they were selected in such way that the results could be extended to other similar structures.
The experiments were carried out in the wave tank at FHR (Flanders Hydraulics Research) (dimensions
17.50 m x 12.20 m x 0.45 m), equipped with a piston-type wave generator. The wave generator has a
width of 12 m and generates long-crested waves. Both regular and irregular wave patterns can be
generated at different angles of wave incidence ranging between —22.5° and 22.5° with respect to the
center line of the wave tank.

Two sets of wave directions were used in the experimental campaign conducted at FHR: the first
set contains the wave directions 0° and 45°, used to validate the results of the FHR experiments against
previous experiments and existing formulas; the second set contains wave directions 60°, 70°, and 80°,
used to investigate larger angles. Similar configuration tests from CLASH database [11] were used to
compare and validate the tests from the present study.

3.1. Model Settings of Overtopping Tests

The first physical model was designed to study very oblique wave attacks and overtopping flows
onto vertical quays and sloping dikes with storm return walls (Figure 1).

Storm return wall

>

Over‘toppingﬂ Berm d&

Dike
freeboard still Water Level

Vertical quay

Storm return wall

X
Overtoppin, H @"
PPING | |Berm Cf Dike

freeboard still Water Level

v

Sloping dike

Figure 1. Model set-up based on the real cases from Belgian harbors. Upper part: vertical quay design
and an example of storm return wall at Ostend harbor. Lower part: sloping dike design and an example
at Blankenberge harbor.

As the wave height can variate along the structure, a smaller scale was necessary to accommodate
a model sufficiently long to record the overtopping variations However, the scale cannot be smaller
than 1:50 because some wave height scenarios would be smaller than 3 cm and therefore affected by
the surface tension, and thus altering the reproduction of the prototype conditions [12]. Following the
above mentioned boundary conditions as well as the Froude’s law a scale of 1:50 was selected as best
fitting for the physical model. For vertical walls, tests in large scale flumes and field measurements
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have demonstrated that results of overtopping discharge in small scale laboratory studies may be
securely scaled up to full scale under impulsive and non-impulsive conditions. Only the wind effects
are not considered