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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].
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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 FM 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].

_ Hout

in

K; with0 < Kt <1 1)
where Hoyr and H;,, 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:

ON - S
E%—V-(vN) == @)
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 + Sm1 + 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, Sy, 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:

Huypgx = 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 + 0.29 ®)

where k is the local wave number and 4 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 %. This parameter
can be computed by means of the continuity equation of the sediment proposed by Exner [59], where 1 is
the porosity:

= — — At
Znew = Zold + 1—7n ot HD (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.

65y | 0Sy v
R ; Sinds: @)

where

S;,, 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).

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:

Ky = Kt, max if i < (i) with Kt, max <1
min

H; i
PN a2 | NTAR T .
t:2 " 2 o Zf H; min H; H; max ®

Kt = Kt, min if i< (L) with Kt, min >0
Hl max

1

The values of K;, juqx and K;, 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 «, 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 § 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 (Hpo)-
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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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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 dsy = 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

KRRV
mO0 100 200 300 400 500

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
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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].

B Hg>3m
[ 2m<Hg<3m
90° [ 1m<Hg<2m
B 05m<H <1m

120 R Hg<05m

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.
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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 — /A\
O ‘
<) N
4384000 <E 5 N/
&y’hﬁ Bathymetry [m]
% s‘:é;g Bl Above 00
4383800 (DR 25- 00
A 787 55
ZanTary
4383600 Qm;;.g 1100- 75
A KKE 125--10.0
VAV%"A‘ 15.0--125
4383400 = 17.5--15.0
LY 20.0--175
\ 225--20.0
4383200 »§§ 250--225
275--250
300--275
4383000 325--30.0
-350--325
4382800 Below -35.0
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.

Hyno [m] 3 4 5 6 7
Tp [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).

[m] ;
4384100
Location of the
4384000 submerged breakwater |}
4383900 Sign. Wave Height [m]
Above 48
4383800 40 44
36- 40
4383700 s
24- 28
20- 24
4383600 16- 20
12- 16
08- 12
4383500 04-08
00-04
04-00
4383400 08--04
Below -08

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 Hy,g values of 3 m, 5 m 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 § 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 Ey, (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 (Hpmo ..), and the height of the outcoming significant wave

11 0f 19

(ﬁmo out) as the average of the last 25 m of the control section (Figure 10, white line).

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

E, =

optimum value for parameter § as equal to 0.30.

3.0
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HmMO [m]
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HmO [m]
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[[]]]]
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Progressive distance [m]
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Goda's link; 8 = 0.30
Goda's link; B = 0.25

{1111

80 100 120
Progressive distance [m]

Full 2D modelling
Goda's link; = 0.60
Goda's link; 8 = 0.40
Goda's link; B = 0.35
Goda's link; B = 0.30
Goda's link; B = 0.25

©
o
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Figure 11. Wave height decay (height efficiency Ey,) along the cross section of the submerged breakwater.
(a) Hyp =3 m, (b) Hyyo = 5m, (¢) Hyg = 7m. (d) Decay efficiency for different values of g.
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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 4125 40.17 40.98 41.89 42.82 47.05
7 4175 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

Hm0 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 %
Q‘ 35% B 60%
o =
§ 30% % 50%
? 25% ]
E T 40%
£ 20% o
5 2 30%
< 15% Q
)
s 10% e 7= - 1.0 M m, = 0.346 g, = - 0.019 % 20% e 2= -1.0 M m, = 0.346 g, = - 0.019
; s 7 == 1.5m my, = 0.396 q), = + 0.032 ; o w—z =-1.5mm, =0.396 q, = + 0.032
5% —z=-20mm, = 0417 q, =+ 0.086 10% ——z=-20mm,=0417q, = +0.086
0 — 7 =-2.5mm, =0.437 q,=+0.121 0 — 7 =-2.5mm, =0.437q, =+0.121
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
HmO/z HmO/z
0.50 J 0.80 i)
i - m,, - m,
ME
0.25 0.40
e O
qh qP
0 0 —
-25 <20 z[m] -15 -1.0 =25 =20 z[m] ~-15 -1.0
HmQ

Figure 12. Wave damping efficiency for different values of the ratio

7 -

(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):

mQ

H,
Ep = my, '1n(7) +qn
my, = —0.599 -z + 0.294
gn = —0.0958.z — 0.112

(10)
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Hmo

my = —0.0866-z + 0.513

11

qp = —0.1918-z - 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 Hy,,0 [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]
....... .| M Avove 020

o - 020

........ B 012 - 016
[Joos - 012

) = 004 - 008
S [ o000 - 004
Il -004 - 000

008 - 004

El-012 - 008

,,,,,,,, W06 - 012
VVVVVVVV Ml -020 - 016

o2 - 020
-------- W02 - 024
o2 - 028
W03 - 032
I Below  -036
i / [ 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 = ZArea,-_elgmem -AElevation;_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 [hours] [years] Volume Loss Mean Elevation Volume Loss Mean Elevation  Ratio of Loss
[m?] Loss [m] [m?] 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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