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ABSTRACT

This paper presents an innovative vertical breakwater cross-section integrating an overtopping wave energy
converter, named OBREC-V, and the analysis of its hydraulic performance and stability response to hydraulic
loading. The structure is composed of a vertically-faced caisson with a sloping ramp on the top, a reservoir and a
set-back crown-wall. The analysis of the structure is carried out by performing numerical simulations based on
the Volume-Averaged Reynolds Averaged Navier-Stokes (VARANS) equations. The numerical simulations are
performed to compare the performance of a traditional and innovative vertical caissons under the action of
irregular waves, in terms of wave reflection, overtopping and wave acting forces. Results show that the reflection
coefficients are lower than those computed in front of the traditional breakwater, with a reduction of up to the
40%. New formulations are proposed to better estimate the reflection coefficient and the wave overtopping at the
rear side of the structure taking into account the non-conventional geometry of the device. The analysis of the
forces indicate that the non-conventional geometry of the innovative OBREC-caisson increases the overall sta-
bility of the structure. The values of the safety factor against sliding, Cs, on innovative caissons are similar or
greater than those calculated on the traditional vertical structure for almost all the tests. The downward force on
the ramp and reservoir and the time lag between the vertical and horizontal forces, lead to a significant reduction
of the maximum destabilizing forces F; in the innovative breakwater, whose values range between 60 and 80% of
the ones computed on the traditional structure. The obtained results show the co-benefits, in terms of func-
tionality and hydraulic stability, that an OBREC-V entails with respect to a traditional vertical breakwater.

1. Introduction

etal., 2012), a device denominated Overtopping BReakwater for Energy
Conversion (OBREC) is currently under development. The OBREC is an

Engineers and researchers working on coastal structures design have
proposed a solution to significantly decrease the Wave Energy Con-
verters (WECs) costs, which are still very high (Uihlein and Magagna,
2016). The idea consists of the development of devices that can be
totally integrated into existing or expanding coastal infrastructures
(Vicinanza et al., 2019; Rosa-Santos et al., 2019). These innovative
hybrid structures still have their main function of sheltering a location
from the action of waves, but with important benefits of the energy
production due to the inclusion of a WEC. Inspired by the extensive
investigation carried out on the Slot-Cone Generator, SSG (Vicinanza

* Corresponding author.

innovative harbour defence structure with a special shape designed to
accommodate an OverTopping Device (OTD). It consists of a concrete
structure with a frontal ramp and, contrary to the SSG, only one reser-
voir, whose base is located above the water level. This technology is able
to capture and collect part of the energy from incident waves that
overtop the frontal sloping ramp. The potential energy of the water
stored in the reservoir is then converted into kinetic energy, exploiting
the hydraulic head between the reservoir and the sea water level. The
water flows through low-head hydraulic turbines, located in a machine
room behind a vertical crown-wall, for the energy conversion. The
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integration of an OBREC into a rubble-mound breakwater has been
investigated over the last years with physical (Vicinanza et al., 2014;
Contestabile et al., 2017b) and numerical model tests (Di Lauro et al.,
2019; Palma et al., 2019), and it is still under development with the
ongoing monitoring activities at full-scale in real environments (Con-
testabile et al., 2017a, 2019). The relatively simple geometry of this
OTD-device, with a single frontal ramp and a reservoir, makes the
technology suitable to be fully integrated also into vertical breakwaters.

The growing demand of seaward port expansion in relatively deep
waters has promoted the development of this structural typology of
harbour protection, making vertical breakwaters a better alternative in
terms of performance and costs, when compared to traditional rubble
mound breakwaters in many cases. Many innovations have been pre-
sented over the last decades to overcome the limits of traditional
vertically-faced breakwaters. One of the greatest disadvantages of these
harbour defence structures is the high reflection pattern in front of them
and their exposure to large impulsive wave forces. If the reflection and
the impact pressure are relevant issues, several structural measures can
be taken, such as the use of top-sloping caissons, perforated Jarlan-type
breakwaters, largely adopted in Japan (Takahashi, 2002) or breakwaters
with a frontal basin ‘Stilling Wave Basin’ (SWB) (Burcharth and Ander-
sen, 2007; Geeraerts et al., 2007; Cappietti and Aminti, 2012; Van
Doorslaer et al., 2015; Kisacik et al., 2019). Despite the different per-
formance of these non-conventional configurations, all the typologies
share the same goal, which is to protect the harbour by dissipating a
larger amount of wave energy when compared to that dissipated by
traditional caissons (Vicinanza et al., 2019).

Based on previous studies, such as the development of the OBREC
integrated into a rubble-mound breakwater (Vicinanza et al., 2014), the
SSG-integrated into a vertical breakwater (Vicinanza et al., 2012), and
the concept of the vertical caisson with the SWB system, a novel caisson
is proposed. This novel design consists of the integration of the OBREC
device into a vertical structure. The structure, hereinafter referred to as
OBREC-V, is composed of a vertically-faced caisson with a sloping ramp,
areservoir and a set-back crown-wall located on the top. At the rear side
of the crown-wall, a machinery room is built to accommodate the
instrumental apparatus for the energy conversion (i.e. low-head turbines
and generators). A sketch of the OBREC-V is shown in Fig. 1. As in the
case of traditional port breakwaters, the principal function of this cais-
son is the defence and protection of the inner area of the harbours.
However, instead of completely reflecting the energy from the waves, it
is designed to absorb part of the energy and convert it into electricity.
This concept design adds a revenue wave generation function to a
breakwater, adding benefits due to WEC integration (sharing-cost). This
technology can be applied for new breakwaters of port expansions or
integrated into existing ones, which have to be rebuilt due to
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maintenance activities, or upgraded due to climate change. As for the
case of rubble-mound breakwaters (Vicinanza et al., 2014), the costs of
the OBREC installation into new vertical breakwaters are lower
compared to stand-alone WEC devices, considering that the caisson
would be built regardless of the inclusion of the WEC, and geometrical
changes affect only the superstructure.

One of the primary goals for coastal engineers involved in the
development of a new WEC-integrated caisson concept, is assessing the
breakwater hydraulic performance, compared to that of traditional
breakwaters. Therefore, the main objective of this study is to evaluate
processes such as wave reflection, overtopping over the crest and wave
loading as a first step towards the analysis of the stability of the new
concept. Please note that at this stage the evaluation of the WEC per-
formance is out of the scope of this work.

The innovative characteristics of the cross section does not allow a
direct application of conventional formulas for breakwater functionality
or stability. Consequently, the evaluation requires the use of physical
modelling or advanced numerical models. The results presented in this
paper were obtained using of the numerical model IH2VOF, which has
been extensively applied for wave-structure analysis with very accurate
results in the prediction of the hydraulic response of vertical caissons
(Lara et al., 2008; Losada et al., 2008; Guanche et al., 2009). Further-
more, IH2VOF has been thoroughly validated against physical model
tests for an OBREC located on a rubble mound breakwater as shown in
Di Lauro et al. (2019), providing further evidence that it is an excellent
tool for assessing the performance of the new vertical caisson.

The present paper is organized as follows. The numerical model set-
up is presented in Section 2 with a description of the numerical domain,
the grid size dimensions, the generated wave characteristics as well as
the different OBREC superstructure tested. Section 3 is devoted to the
numerical results of the overtopping discharge and reflection co-
efficients, with a comparison between traditional and innovative cais-
sons. A dimensional analysis is also presented, with the evaluation of the
influence of the principal geometrical parameters on the overall hy-
draulic performance. The analysis of the wave forces exerted on the
different configurations is presented in Section 4. Finally, conclusions
are drawn in Section 5.

2. Numerical model set-up

At this early stage of development, the aim of the numerical analysis
is to provide a preliminary optimization of the innovative caisson by
evaluating the parameters that might have an influence on its hydraulic
performance. In order to provide a full comparison, the performance of
the OBREC-V is tested against the one for a traditional vertical break-
water having the same overall dimensions (Fig. 2). Both structures are

Fig. 1. Concept design of the innovative caisson integrated with an OBREC device.
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located on an identical mound-foundation. The only difference between
the two caissons is the superstructure, which consists of a conventional
crown-wall for the traditional caisson and an OBREC device with a
ramp, a reservoir and a set-back wall for the innovative structure. The
numerical tests are carried out at 1:30 length scale (Froude scaling)
compared to the prototype. The considered crest freeboard, R, is equal
to 0.233 m and the caisson width, Bajsson, is equal to 0.667 m. The ge-
ometry of the traditional and innovative caissons is displayed in Fig. 2.
The reason why the numerical simulations are performed at small scale
is that IH2VOF has been already validated at a similar scale (Di Lauro
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et al., 2019) by comparing the numerical results with those measured at
small-scale laboratory tests carried out at Aalborg University (Contest-
abile et al., 2017b). Using a pre-validated model strongly limits the
introduction of additional uncertainties in the analysis.

The OBREC-V is characterized by the following geometrical param-
eters: the crest freeboard of the ramp, R;, and the horizontal distance
between the seaward caisson face and the set-back crown-wall, By.
These two parameters have been considered as the leading ones in the
design of the device, as they are for the OBREC integrated in the rubble-
mound breakwater, hereinafter referred to as OBREC-R (Iuppa et al.,
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Fig. 2. Layout of the two-dimensional numerical domain, with the location of the innovative caisson and the numerical wave gauges (WG) on the upper panel (a);
cross-section of the traditional caisson (b) and the innovative caisson integrated with the OBREC device (c).
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2016; Contestabile et al., 2017b). Hence, their influence on the hy-
draulic and structural response of the novel caisson is investigated here.
As shown in Fig. 2, the ramp has a slope of 34° with respect to the
horizontal. The slope has been selected considering the same values of
the flat ramp slope of the OBREC-R. That slope was chosen to minimize
the occurrence of breaking waves and to maximize the wave over-
topping into the reservoir, considering it as optimal (Contestabile et al.,
2017b). Three values of R;, and as many of By, are considered, for a
total of nine different geometrical configurations (see Fig. 3). These
configurations were tested using an identical numerical domain with a
total length of 6.6 m and a height of 1.30 m, as displayed in the top panel
of Fig. 2. The material properties of the porous layers are set according
to the numerical test set-up described by Di Lauro et al. (2019), which
has been thoroughly validated against the laboratory tests described in
Contestabile et al. (2017b). In detail, the porous media below each
caisson base is composed of an internal layer with a nominal diameter
Dp,50 = 5 mm and porosity n = 0.40, and seaward and leeward external
armour layers with Dy, 50 = 20 mm and n = 0.45. Furthermore, the value
of the empirical coefficient, @, in the VARANS equations (Losada et al.,
2016) is set to 200 for all the porous layer, while the empirical coeffi-
cient, f, is set to 0.8 for the internal layer and 1.0 for the external layers,
according to Lara et al. (2008), Losada et al. (2008) and Guanche et al.
(2009). The added mass coefficient, c, is set to a constant value equal to
0.34 for all porous media, according to the suggestion of van Gent
(1995).

The base reservoir is modelled in IH2VOF as a closed structure,
similar to the OBREC-R described by Di Lauro et al. (2019). Only
extreme wave conditions are generated for this analysis, hence the
OBREC model’s reservoir is saturated during the whole duration of the
numerical tests. Considering that R;/Hp ranges between 0.200 and
0.643 and based on the results of the overtopping into the OBREC
reservoir obtained by Iuppa et al. (2016), the assumption of a closed
reservoir as modelled with IH2VOF in this paper is considered to be
valid.

In order to properly reproduce the wave generation and reflection
pattern, the seaward vertical face of the caisson is located in the nu-
merical domain at a distance of 5.31 m from the wave maker (inlet
boundary layer), corresponding to 1.2-1.5 times the deep water wave
length, L_; o, based on the energy period Try_1,0. The first wave gauge
(WG-1) is placed at 3 m from the inlet and the other three free surface
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gauges at 0.50 m, 0.80 m and 1.00 m from the position of WG—1. The
numerical incident and reflected spectra are separated and estimated
using the Zelt and Skjelbreia (1993) method. First order irregular wave
time series are generated in IH2VOF as a linear superposition of Stokes I
waves for a given number of components (N = 512). A standard
JONSWAP-type spectrum (Hasselmann et al., 1973), with a peak
enhancement factor of 3.3, is considered for all the tests. Active wave
absorption is considered in the inlet boundary following a procedure
similar to the one used in physical wave flumes and proposed by Schaffer
and Klopman (2000). Details of the implementation of the active ab-
sorption in IH2VOF are described in Lara et al. (2011). An open
boundary with a wave absorption condition is considered at the outlet
boundary layer, following the methodology proposed by Schaffer and
Klopman (2000).

In order to analyse the structure, nine wave conditions are simulated
in the numerical flume. Table 1 summarises the wave parameters of the
waves generated in the numerical domain, while Table 2 shows the
nondimensional parameter ranges tested in the analysis. Characteristics
of the generated waves have been chosen to cover a wide range of
extreme wave conditions, with low values of R;/Hp, for the assumption
of the saturated reservoir, and low values of R./Hpo, ensuring over-
topping conditions for the traditional structure. Please note that R./Hp,o
ranges from 1.0 to 1.5, which are the typical design conditions for
traditional vertical breakwaters in Europe (Franco, 1992).

Each wave-generated signal is adopted for all the geometrical

Table 1
Incident wave characteristics for numerical tests.
HmO Tp Tm-l,O Tm,m Tm,oz
(m) (s) () s (s
Test 01 0.157 1.452 1.296 1.218 1.169
Test 02 0.156 1.552 1.461 1.370 1.312
Test 03 0.156 1.845 1.686 1.582 1.517
Test 04 0.193 1.484 1.380 1.294 1.240
Test 05 0.189 1.750 1.572 1.475 1.415
Test 06 0.190 1.896 1.775 1.666 1.596
Test 07 0.230 1.665 1.504 1.415 1.359
Test 08 0.230 1.845 1.712 1.607 1.541
Test 09 0.229 2.133 1.929 1.810 1.736

Fig. 3. Nine geometrical configurations of the OBREC-caisson tested with IH2VOF.
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Table 2
Nondimensional parameter ranges for the numerical analysis.

R/Hmo  R/Hmo  Plin 10 Hpo/h h/Lfl,o 10 h/Hpo

[-1 [-] [-] [-1 [-] [-] [-1
Min 1.015 0.290 0.069 0.233 0.154 0.043 2.901
Max 1.501 0.643 0.190 0.345 0.272 0.074 4.287

configurations, for a total of 90 numerical tests (9 wave conditions x 10
geometrical configurations). The use of identical wave generation sig-
nals allows comparing wave-by-wave the different geometries tested in
the numerical flume, evaluating in more detail the differences in terms
of wave reflection, overtopping discharge and wave loading exerted on
the structure. A constant water depth, h, of 0.667 m is considered for all
the tests. Sea states of around 1000 waves are tested. Time series are
chosen to be long enough to fully define reliable wave spectra. More-
over, the length of each test can be considered sufficient to obtain
consistent statistical values of the peak pressures/forces, as well as to
perform the necessary statistical reliability for the wave overtopping
analysis.

A variable grid size is considered along x and y. Fine discretization,
Ax = Ay = 0.007 m is considered around the OBREC. The mesh varies
gradually to a maximum grid size of Ax = 0.021 m and Ay = 0.015 m.
The use of the highly refined computational grid mesh around the area
of interest of the OBREC model ensures the correct simulation of the
non-conventional geometry of the device with the presence of a sloping
ramp and a parapet on the top of the vertical set-back wall. Moreover,
this fine grid resolution allows resolving the large velocity variation near
the solid wall during wave impact. The resultant numerical domain has
539 cells in the x-direction and 153 cells in the y-direction, leading to a
total of 82,467 computational cells.

3. Hydraulic performance
3.1. Wave reflection

The effect of the innovative OBREC-V cross section on wave reflec-
tion was also evaluated using the numerical model. Comparisons with a
regular cross section are provided using both the numerical model and
the empirical formulation suggested by Allsop et al. (1994). Reflection is
assessed by calculating the reflection coefficient, K;, evaluated in the
numerical model by using the method proposed by Zelt and Skjelbreia
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(1993). Numerical results of reflection coefficients in front of the
structures are presented as a function of the relative crest freeboard
Re/Hmo (Fig. 4). Blue diamond’s indicate the reflection coefficients for
the traditional caisson (Fig. 2b), while red symbols represent the K;
values for the different OBREC-V configurations (Fig. 3). A dashed black
line in Fig. 4 indicates the empirical relation proposed by Allsop et al.
(1994). Reflection coefficients for the traditional structure match very
well Allsop et al. (1994) formulation, with a mean K; equal to 0.92.
These results are in agreement with K¢ = 0.90 suggested by Allsop et al.
(1994) for R¢/Hpo > 1. Numerical results also confirm that R./Hpo has
almost no influence on the reflection coefficients for traditional break-
waters with high relative crest freeboard (Rc/Hmo>1). Fig. 4 shows that
K, values obtained for the innovative caisson are lower than those for the
traditional one, ranging between 0.56 and 0.76. Therefore, when
OBREC-V is inserted K; is reduced up to 40% in comparison to the values
computed for the traditional vertical breakwater. These lower values
were expected due to the energy dissipation when waves interact with
the non-conventional geometry of the superstructure. As for the tradi-
tional caisson, the relative crest freeboard, R./Hp0, has a small influence
on K;.

The influence of the ramp crest freeboard, R,, and the position of the
crown-wall, By, on the reflection coefficients is also analysed. Fig. 5
consists of nine panels, one for each of the different incident wave
conditions tested in this analysis (Table 1). Each row displays results for
different peak periods increasing from left to right. Each column dis-
plays results for increasing wave height. The numerical values of K, for
each By and R, are also shown.

Fig. 5 clearly indicates that K, increases with R; for all the tested
wave conditions. This is due to the larger amounts of small non-
overtopped waves that are directly reflected from the ramp with the
increase of its freeboard, leading to an increase of the (bulk) reflection
coefficient. On the other hand, the influence of the By is less evident,
although a general trend can be noted with a slight reduction of K; with
the increase of By}, in particular, for tests with higher significant wave
heights (bottom panels in Fig. 5). Indeed, when waves interact with the
large reservoir, high turbulence levels occur inside the reservoir, thus
high amount of the energy from incoming waves is dissipated and a
reduction of K; is measured. More evident is the influence of the ener-
getic period Tp-1,0, and so the wavelength based on this period, L_; o.
For each row on Fig. 5, the reflection coefficient increases from left to
right panels, indicating that for the same significant wave height, K,

1.2 T T T
1F i
[ JE S S R
08 F o
s 1
M& 06 B -
04 F -
— — — Allsop et al. (1994)
02F ¢ Innovative _
¢ Traditional
0 1 1 1
0.5 1 1.5 2 2.5

Rc/HmO H

Fig. 4. Numerical reflection coefficients for traditional and innovative caisson compared with the formula from Allsop et al. (1994).
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Fig. 5. Influence of crown-wall position By, and crest ramp R, on the reflection coefficient K,, for the nine wave conditions.

teracts with long waves.

0.5

Fig. 6 shows how the reflection coefficients decrease with the in-
crease of the non-dimensional parameter (Bwai/L-1,0)/(Re/Hmo), which

considers the aforementioned parameters that influence reflection. The
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Fig. 6. Reflection coefficients obtained from the numerical model for the OBREC caisson breakwater, function of the relative ramp crest, R,/H,o, and relative vertical
wall position, B 10
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points fit reasonably well to an exponential law, whose coefficients are
evaluated fitting the data with a non-linear least square method. The
reflection coefficient on the OBREC-V can be derived with the following
relation:

(Bwall /Lfl‘())
(Rr/HmO)

The value of the correlation coefficient R? is equal to 0.55 and the
empirical coefficients in Eq. (1) are: a = 0.426, b = 6.85 and ¢ = 0.578.
Although the obtained R? is not high, the root-mean-square error
(RMSE) calculated between the observed K; and the values predicted by
the relation proposed in this work is equal to 0.033. This value is similar
to the RMSE error found in literature for the prediction of the reflection
coefficients for typical coastal structures (CIRIA, CUR, CETMEF, 2007).
Please note that Eq. (1) is valid for the parameters range indicated in
Table 2.

K, oprec-v=a-exp- | —b- +c (@)

3.2. Wave overtopping

3.2.1. Influence of the geometric parameters

To evaluate the advantage of the numerical tool to provide a sensi-
tivity analysis of the influence of the geometrical parameters of the
OBREC-V to the wave overtopping discharge, an analysis of the wave
overtopping discharge over the crown-wall of the traditional breakwater
and the OBREC-V was done. The use of identical wave generation sig-
nals, for each of the different caisson configurations, allows comparing
not only the mean wave overtopping discharge, q, per unit of length
(m3/s/m), but also to compare the cumulated wave overtopping volume
per unit of length (m®/m) on the time domain. The wave overtopping

04 T T : .
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5 BwaII/L-1,0=0'142
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03T
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N
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data was calculated only for three wave conditions: Test 02, Test 05 and
Test 08, for a total of 40 tests. An example is displayed in Fig. 7 for
Test 05, showing the cumulative wave overtopping volume for the same
incident wave condition and 10 different geometries. Left panels show
the influence of the relative set-back crown-wall position, Byai/L_1,0,
for each different relative ramp crest, R;/Hpo. Right panels show the
influence of R./Hy,( for each different relative position of the set-back
wall, Byan/L_1,0. Black dashed lines are displayed in each panel, indi-
cating the numerical results of the cumulative wave overtopping
discharge at the rear side of the traditional vertically-faced structure.
The different configurations have the same wall crest dimension (R, =
0.183 m).

Results indicate a reduction in wave overtopping volume with
increasing Byar/L_1,0, confirming that the position of the set-back wall
is an important factor to consider for the OBREC-V design. Large values
of Byl lead to higher energy dissipation of the waves that overtop the
ramp and break into the stilling basin, thus causing a significant
reduction of wave overtopping over the innovative caisson. The results
were expected, considering the performance of the OBREC-R device
presented by Iuppa et al. (2016), where wave overtopping was found to
decrease with the increase of the horizontal distance between the
crown-wall and the crest of the ramp. The results shown in the right
panels of Fig. 7 indicate a minor influence of R;/Hp,o on the overtopping
volume. In general, higher ramp crest results in higher wave over-
topping values. As for the OBREC-R (Contestabile et al., 2017b), the
frontal ramp in the OBREC-V works as a deflector, conducting the water
jet on the exposed part of the set-back wall, especially for short Byan
values.

04 T T r
R/H _=0.354
r mo .
0.3 Rr/Hm0=O.442
R/H =0.531
0.2 r mo
— — — Traditional
01 F
Bwall”‘-1,o=0'091
0 ; i ;
04 T T T T T T

04 T T T T T T
03 F 5
02} e
BAF 4
- Bwauf' L-1,o=(?'142
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Fig. 7. Influence of the relative ramp crest, R,/Hy,0, and relative vertical wall position, By;/L_1,0, on the cumulative wave overtopping volume for Test 05.
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3.2.2. Comparison between innovative and traditional caissons

A further step in the wave overtopping analysis is to compare the
numerical results to the formula adopted in the EurOtop Manual
(EurOtop, 2016) to estimate the mean wave overtopping discharge over
the vertical and steep walls. In absence of physical models, the EurOtop
Manual can be considered the most reasonable tool for a preliminary
calculation of the overtopping discharge on traditional breakwaters.

As previously described, the numerical model tests are carried out in
a domain characterized by a flat bottom in front of the structures, and
wave conditions close to deep water limits (Hofland et al., 2017). Under
these conditions, shoaling and depth limiting effects on the spectral
shape along the numerical domain can be negligible. Therefore, the
results of the numerical analysis are compared to the equation of
EurOtop Manual for wave overtopping discharge over vertical walls
with ‘no influencing foreshore’:

R 1.3
) :0.047-exp{7<2.35[_1—c> } @

V g'Hmo3 mo

The empirical coefficients of the exponential formula are derived
from measured data and the reliability of the relationship is given by
0(0.047) = 0.007 and ¢(2.35) = 0.23, where ¢ is the standard deviation
of the parameter and the coefficients between brackets are mean values,
u, of the parameters. Fig. 8 displays the numerical results of nondi-
mensional wave overtopping discharge for traditional and innovative
caissons. The numerical data are compared to Eq. (2) in the EurOtop
Manual. The 5% under and upper exceedance limits (= 90%-confidence
band) are displayed in Fig. 8 with blue dotted lines, calculated by using
u(x) £ 1.64 - 6(x) for the two empirical coefficients.

Results show that the numerical data of mean wave overtopping for
traditional and innovative breakwater match to Eq. (2) with a high level
of accuracy. As can be seen from Fig. 8, almost all the data are contained
in the 90%-confidence band of Eq. (2). Differences are more evident for
high values of relative crest freeboard, where the scatter between data
are higher due to the low amount of wave overtopping discharge.

Coastal Engineering 159 (2020) 103713

Results indicate that differences between the various configurations are
very small. For preliminary design purpose Eq. (2) can be used to esti-
mate the wave overtopping discharge at the rear side of the OBREC-V. In
fact, wave overtopping is strongly dependent on the maximum height of
the parapet, rather than on its position, as already observed by Benassai
(1984), who studied the wave overtopping behaviour on breakwaters
with crown-wall located away from the leading edge of the caisson.
Similar results were obtained by Kisacik et al. (2019), who studied the
effect of the SWB for overtopping reduction at an urban vertical seawall.

However, as shown in the previous section, the variation of B/
L_1,0 leads to differences between the numerical results of mean wave
overtopping on innovative caisson and those estimated using Eq. (2). To
predict the mean overtopping with higher accuracy, an influence factor,
named yoprec, is then introduced into Eq. (2) to take into account the
innovative geometry of the OBREC-V. The approach followed in the
analysis is similar to the one adopted in the EurOtop manual (EurOtop,
2016) for the reduction coefficients y in the wave overtopping equations.
The equation turns into:

R 1.3
4 _0.047-exp { - <2.35 7) } 3)
\% g'HmO3 Hy0+Y orEC

The values of yoprec are plotted in Fig. 9 in terms of Byan/L_1,,
which is the dominating parameter. The data fit relatively well (R> =
0.70) with the following exponential law:

Bwa
Yosrec = 1.163~exp( —1.737 T][:,) )

Then, relative overtopping is evaluated using equations (3) and (4).
Fig. 10 shows a good performance of the modified overtopping formula
considering the new parameter, yppgc-

4. Wave loading: forces and stability analysis

The analysis of the loadings and the stability analysis of the OBREC-V
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Fig. 8. Measured numerical data of the wave overtopping discharges over the traditional (blue points) and the innovative OBREC caisson (red points). Wave
overtopping equation for vertical breakwater (Eq. 7.1 in EurOtop, 2016) with 5% under and upper exceedance limits is reported with blue dotted lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. Numerical data points of the wave overtopping compared to the formula from EurOtop Manual corrected with the coefficient yoprgc to take into account the

OBREC geometry.

is evaluated in a similar way to the one described by Di Lauro et al.
(2019) for the numerical analysis of the OBREC-R. The analysis is car-
ried out considering the forces based on the average of the highest
1/250th peaks of the forces in a given random sequence, denoted as
F1/950- The local maxima (peaks) of the force signal evaluated in a
specific part of the structure are extracted by considering a minimum
time window between peaks equal to Tp 2. This time window is
considered to take into account only the local force peak for each single
incident wave. Moreover, to avoid the inclusion of the signal with small

peaks in the computation part, each local peak event is extracted
considering a high-pass threshold that varies depending on the wave
conditions and the part of the structure on which the pressure is inte-
grated. The threshold used in the peak-extraction analysis is equal to
0.1pwgHmoLx, where Ly is the length of the structure on which the
pressure is integrated. Please note that the resultant wave forces are
calculated assuming a linear pressure distribution between the dynamic
pressures numerically calculated in each cell.

A sketch of the differences between wave pressure distribution and
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forces exerted on the traditional and innovative caisson is displayed in
Fig. 11. The figure also indicates how the total vertical (F,,oprec) and
horizontal forces (Fpoprec) exerted on the innovative caisson are
calculated, taking into account the loading on the vertical frontal face
caisson, Fp, 0BREC, caissons the ramp, Foprec, ramp, the bottom reservoir, F,,
OBREC,res, the base caisson, F,, oprec, base» and the vertical wall, F, oprec,
wai- The horizontal and vertical forces exerted on the traditional
vertically-faced structure are indicated as Fp yrqq and F,, srqqd, respectively.

4.1. Wave loads compared to the Goda formulas

The first part of the present analysis is aimed at comparing the force
exerted on the traditional caisson to the design formula usually adopted
for design purpose. In the absence of physical model tests, the empirical
formulas in literature are the most reliable tool for the calculation of
wave forces on traditional vertical structures. The most adopted method
for the evaluation of the force exerted on a vertical caisson is the one
described by Goda (2010), in which a trapezoidal pressure distribution
along the vertical wall and a triangular distribution on the base are
assumed. Please observe that the ratio between the depth above the
armour layer of the rubble foundation and the water depth in front of the
breakwater, d/h, is equal to 0.82 for all tests. Therefore, the correction
proposed by Takahashi (1994) does not change the magnitude of the
pressure calculated by using Goda formulas, i.e. no impulsive wave
pressure condition occurs for the tests here considered. Furthermore, as
indicated in Table 2, HmO/h < 0.35, which further excludes the pres-
ence of impulsive waves on vertical breakwater according to the
‘Parameter Map’ for the prediction of impact forces in the PROVERBS
(Oumeraci et al., 2001).

Fig. 12 shows the comparison of the horizontal (left panel) and
vertical forces (right panel) between the values calculated with the Goda
formulas and the forces (F1/250) calculated on the vertical breakwater
with the numerical model. The mean and standard deviation of the
deviation are also displayed, defined as the difference between the
forces calculated with Goda formula minus the ones calculated
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numerically, divided by the former values. These deviations are
expressed in percentages and calculated for each one of the nine nu-
merical tests carried out on traditional vertically-faced structures. Re-
sults indicate a general good match between the data, with a slight
overestimation of the horizontal force of 13.7% and an underestimation
of the uplift force exerted on the structure of 12.5%. The overall results
can be considered satisfactory, bearing in mind the level of uncertainty
associated with these semi-empirical formulas (Juhl and Van der Meer,
1992; Bruining, 1994; Van der Meer et al., 1995; Oumeraci et al., 2001;
Agerschou, 2004). For instance, Van der Meer et al. (1995) presented the
results of the ratio between the forces (horizontal and vertical)
computed with Goda method and those measured in laboratory for
different geometries and wave conditions with irregular waves, indi-
cating a very large scatter of the results. Please note that the widely
adopted Goda formulas were originally proposed after performing lab-
oratory tests using regular waves (Goda and Fukumori, 1972; Goda,
1973). This can explain the slight discrepancies, when results of tests
carried out adopting irregular waves are compared with Goda formulas.
This fact has been recently supported by Castellino et al. (2018) who
showed a better agreement with Goda formulas when regular waves are
considered in the analysis.

4.2. Wave forces on traditional and innovative caisson

The forces exerted on the traditional and innovative caissons were
analysed investigating the influence of the two geometrical parameters
Bwal and R;. Numerically computed forces on the innovative caissons are
compared to the ones obtained for the traditional one.

Fig. 13 shows the influence of the relative ramp crest, R;/Hp,o, and
the relative crown-wall position, Byai/L_1,0, on the ratio between the
horizontal forces exerted on the innovative and traditional caisson, Fy,
0BREC/Fh,trad- Dotted black lines are included in the panels, indicating
the condition where the total horizontal forces between the two different
caisson configurations are equal. The left panel in Fig. 13 indicates that
the ratio between innovative and traditional caisson is not influenced by

TRADITIONAL CAISSON

INNOVATIVE CAISSON

Fh,OBREC = Fh,OBRE(‘,caisson + Fh,OBREC,ramp + Fh,OBRE(',wall

FV,OBREC = FV,OBRE(‘,base = FV,OBREC,ramp = FV,OBRE(‘,res

Fv,OBRE(‘,res

mim

F h,OBREC,wall

Ry

FOBREC ,ramp

Fh,trad

Fv,trad

Fh,OBREC ,caisson

Fv,OBREC Jbase

Fig. 11. Sketch of the wave pressure distribution and forces exerted on traditional vertical breakwater (left panel) and innovative caisson integrated with the OBREC

device (right panel).
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exerted on the innovative and traditional caisson, Fy, oprec/Fh,trad-

R;/Hpo. Contrary, the increase of the ratio Byay/L_1,0 leads to a slightly
reduction of the Fy, oprrc compared to the one calculated on the vertical
caisson (right panel). As presented in previous sections, the increase of
Bwall/L_1,0 leads to a reduction of overtopping over the OBREC-V crown-
wall. The reduction of the overtopping does not cause an increase of the
total force on the structure, due to the energy dissipation of the waves
that overtop the ramp and break in the reservoir. Furthermore, as will be
shown in the next sections, the position of the set-back crown-wall in the
OBREC-V influences the time lag between the maximum force peaks
acting on the caisson and on the wall. Therefore, the increase of the By,
further reduces the maximum total horizontal peak forces exerted on the
innovative breakwater, compared to the traditional one. Furthermore,
results indicate that higher reduction of the force occurs with incident
waves characterized by small peak periods. Conversely, as explained in
the previous section, long waves are less influenced by the presence of
the OBREC device embedded on the caisson, leading to only a slight
reduction of the horizontal forces compared to the ones computed on the
vertically-faced structure. Results shown in Fig. 13 clearly indicate that
the total horizontal forces exerted on the innovative caisson are, for most
of the analysed cases, lower than the ones calculated on the vertical
breakwaters, with a reduction up to 40%. It is worth nothing that these

results are similar to the ones obtained by Oumeraci et al. (1993) on a
caisson with a vertically lower part with semi-cylindrical shells that
terminates with a plane slope on the top upper part. Authors calculate a
reduction of the horizontal impact forces between 30 and 60%
compared to the vertical flat front, depending on the prevailing waves
and depth conditions. Similar results have been recently obtained by
Misra et al. (2011). Authors conducted a numerical analysis on the
Civitavecchia breakwater, characterized by a particular superstructure
with curved and recessed parapet, compared to a traditional vertical
structure. Results indicated that the use of the non-conventional ge-
ometry at the Civitavecchia breakwater reduces the total landward
forces of around 20% compared to the ones computed on a vertical
structure.

Fig. 14 displays the influence of R;/Hp and Byan/L_1,0 on the ratio
between the total vertical forces exerted on the innovative and tradi-
tional caisson Fy oprec/Fv,irad- The two panels in Fig. 14 show that Fy,
0BREC/Fv,trad i reduced with the increase of R./Hpyo (left panel) and
Bwal/L_1,0 (right panel). As expected, the introduction of the OBREC
device on vertical caissons induces a relevant reduction of vertical forces
due to the downward components exerting on the ramp and the bottom
reservoir. Furthermore, the wave energy dissipation inside the reservoir

11
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Fig. 14. Influence of the relative ramp crest R,/Hp, (left panel) and the relative wall position By.;/L_1,o (right panel) of the ratio between the total vertical forces

exerted on the innovative and traditional caisson.

reduces further the total forces on the structure. Results confirmed the
importance of the By, on the reduction of the overall vertical forces.
The increase of By, leads to a reduction of the ratio F,, ogrec/Fy,wraa for
all the tests. Moreover, higher values of the ramp crest freeboard R, lead
to a higher downward (stabilizing) forces, thus reducing the ratio Fy,
0BREC/ Fy,trad.

The same is observed for increasing Byai/L_1,0 values. Then, the
overall stability is increased with the inclusion of the innovative
structure.

4.3. Forces on the set-back wall

A set-back parapet on the top of vertical breakwaters has been
adopted in the past as a solution to reduce the impact pressure exerted
on the caisson superstructure and its effect on the breakwater stability.
The Duca degli Abruzzi breakwater in Naples, the breakwater at the
Civitavecchia Harbour in Rome, and the dike in Bagnara (Franco, 1992)
are examples of breakwaters in Italy with capping walls set back with
respect to the wall profile. Although the importance of this
non-conventional superstructure, scarce literature regarding the pres-
sure and forces exerted on it exists.

Benassai (1984) and Van der Meer and Benassai (1985) investigated
the wave pressure and forces on a small model reproducing different
cross-sections of the breakwater proposed for the extension of the Civ-
itavecchia Harbour in Italy. Local impact pressures on the set-back
parapet were measured and different shapes of the signals were classi-
fied in schematic diagrams. Pressure signals on the structure were
characterized by an oscillatory nature, which is influenced by the
compression of the air-pocked trapped between the wave and the
parapet. Benassai (1984) demonstrated that the superstructure influ-
enced the vertical slamming forces, which in turn has a relevant effect on
the structure stability. Madrigal and Alarcon (1992) demonstrated that a
set-back wall does not contribute to the total wave load on the structure,
because the forces exerted on it are out of phase with respect to the
forces on the main vertical profile. The overall stability is increased due
to the reduction of forces caused by the delay in wave action on the two
surfaces and due to the prevention of impulsive breaking wave condi-
tions caused by wave discontinuity. Regarding this aspect, the Italian
Standards (National Research Council, 1994) suggest that the set-back
superstructure must be verified assuming that the maximum pressures
exerted on it are given by the Hiroi formulas (p = 1.5 py,gH).

In this section, the numerical results of the horizontal forces exerted
on the set-back wall of the innovative caisson are investigated. Please
note that the height of the wall, i.e. the vertical distance between its
crest and the internal bottom reservoir, a.y, is constant and equal to
0.183 m (see Fig. 3) for all tests. Moreover, the water depth, h, is also
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constant; hence, the crown-wall has the same values of crest freeboard
R.. Consequently, the various wall configurations are obtained with a
horizontal translation of the wall, assuming a constant distance to the
water level. Fig. 15 shows how the nondimensional horizontal force on
the wall, Fy, oprec, wall/(PwgHmoawarl), varies with the ratio between the
significant wave height and the water depth, Hpo/h. Results clearly
indicate a pronounced linear dependency between the nondimensional
forces on the wall and the ratio Hp,g/h. The behaviour is similar to that
observed by many authors (Jensen, 1984; Pedersen, 1996) that studied
the resultant force exerted on crown-wall placed on the top of
rubble-mound breakwaters. As can be observed in Fig. 15, the average
pressure on the wall (i.e. Fy, oBrEC, wall/awall), ranges between 0.7 and 2.5
times pwgHmo, while R, and By, are not dominant variables in the
resulting forces. The force on the wall can be derived with the following
relation:

F W H,,
hOBRECwall _ <70> b

5
gHm() Ayall h ( )

The value of the correlation coefficient R? is equal to 0.75 and the
empirical coefficients in Eq. (5) are: a = 10.15 and b = —1.45.

The characteristics of the wave loading on the set-back wall are
evaluated considering the time series of the forces exerted on it, where
the occurrence of impact loads cannot be completely excluded. Fig. 16
shows, on the upper panel, an example of the time series of the nondi-
mensional wave force exerted on the set-back wall (FnoBrec, wall/
pwgHmo) for Test 08 with R; = 0.067 m and Byy,; = 0.300 m. The signal
shows rapid variations in time, with force peaks typically described as
impact wave loads with absence of trapping air. The so-called ‘church-
roof’ shape of the force signal can be recognized, as the ones occurred for
breaking waves on vertical structures (Oumeraci et al., 2001). On the
bottom panels of Fig. 16, nondimensional wave pressure distributions
(p/pwgHmo) along the crown-wall are displayed for seven time instants.
These instants are chosen as representative ones including the one cor-
responding to the maximum force on the set-back wall (t = 435.866 s)
for this specific test. Please observe that the reference system for the
pressure distribution indicated on the seven bottom panels of Fig. 16 has
its origin on the bottom part of the wall pointing on the tip of the wall, as
indicated on the right part of the upper panel.

As can be observed in Fig. 16, the pressure on the set-back wall ex-
hibits impact pressure, with pyax around 6 pgHpo. It is worth noting that
the pressure signals, especially on the upper part of the crown-wall, have
relatively small peak pressure if compared to the general pressure peaks
for violent impact loads on vertical walls, which can be up to 50 pgHmno
at the still water level, as shown by many authors (Schmidt et al., 1993;
Hattori et al., 1994; Allsop et al., 1997; Oumeraci et al., 2001; Bullock
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et al., 2007). The energy dissipation due to wave run-up over the ramp
and on the reservoir greatly attenuates the pressure peaks, as already
recognized by Vicinanza et al. (2014) and Contestabile et al. (2017b) on
test campaign conducted on the OBREC-R.

4.4. Stability analysis

The design of a vertical breakwater requires a stability analysis of the
caisson and its foundation. In detail, the caisson must be designed to be
safe against sliding and overturning. Moreover, the hydraulic stability
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and bearing capacity of the rubble-mound foundation and the seabed
need to be investigated, considering that geotechnical failure may lead
to the stability loss of the caisson situated on it. It is customary to
evaluate the bearing capacity of the foundation using the traditional
methodology in geotechnical engineering, with a foundation subjected
to inclined and eccentric loads produced by the weight of the upright
section and wave forces. In coastal engineering, the overturning around
the caisson heel has been traditionally considered as an overall failure
mode of the structure. This method implicitly makes the assumption of a
rigid foundation below the structure. However, in most cases, sliding is
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more severe than overturning, especially when the breakwater crest is
relatively low. Indeed, the most common modes of failure caused by
wave load due to plunging breakers are sliding, shear failure on the
foundation, but rarely overturning (Goda, 1973; Oumeraci et al., 1993;
Takahashi, 2002; Agerschou, 2004). The overturning is often a direct
consequence of the hydraulic instability and failure of the yielding
foundation. The traditional design procedure against the overturning of
the caisson is considered by many authors (see for example Oumeraci
et al., 1993; Agerschou, 2004) too simplistic and unrealistic as it does
not take into account the loss of the bearing capacity and the capacity
failure of the rubble-mound and sub-soil foundation. For the
over-mentioned reasons, only the stability of the caisson against sliding
on the rubble-mound foundation is considered.

The safety factor of the traditional and innovative caisson against
sliding over the foundation, C, is computed as:

B (Mg_F\')

Cy=
N F,

©

where y is the coefficient of (static) friction between the base caisson and
the rubble foundation, Fy, and Fy are the resulting overall horizontal and
vertical wave forces numerically calculated on the innovative and
traditional caisson as shown in Fig. 11; M is the mass of the monolithic
structure per unit extension, including the sand fill and superstructure;
and g is the acceleration due to the gravity. In the present analysis, the
friction coefficient is assumed to be 0.6, while the mass densities of the
caisson, p., could be assumed, based on classical design, to be 2.1 t/m>
for the sand-filled caisson and 2.3 t/m? for the concrete superstructure.
For the submerged part of the caisson, a mass density of 1.1 t/m® is
considered. For the two configurations, the sand-filled caisson is
assumed to be extended until 0.05 m (1.5 m in prototype scale) above
the SWL.

Coastal Engineering 159 (2020) 103713

The time series of the safety factors against sliding, Cs, for the
traditional and innovative caisson are analysed for each test. Please note
that, contrary to the statistical analysis of the resultant horizontal and
vertical forces, Cs is here considered as the minimum value during the
test. The minimum C; occurs at the instant of the maximum destabilizing
forces, Fs, defined as:

Fy = Fj, + uF, @]

Fig. 17 consists of nine panels, indicating the different incident wave
conditions tested in this analysis (Table 1). In detail, the peak period
increases from left to right panels, while the wave height increases from
top to bottom panels of each column. Each panel displays the values of
C, for different values of By, and R,. Horizontal red dotted-lines are
included in each panel, indicating the numerical values of Cg calculated
on the traditional vertically-faced structure.

Then, values of Cs computed for the innovative caisson are similar or
greater than those calculated on the vertical structure for almost all the
tests. The non-conventional geometry of the innovative caisson inte-
grated with an OBREC device increases, in general, the overall stability
of the structure compared to traditional breakwaters. The results
confirm the behaviour already described when comparing the resultant
forces on the caissons. In particular, the relevant component of the
downward force on the superstructure and the time lag between the
vertical and horizontal forces, lead to a strong reduction of the
maximum destabilizing forces Fs in the innovative breakwater, whose
values range between the 60-80% of the ones computed on the tradi-
tional structure.

Contrary to the analysis on the forces, the minimum Cs is not always
obtained for the highest peak periods. The resultant forces at the instant
of the minimum value of Cs strongly depend on the period of a single
wave, more than on the spectral peak period of the generated wave
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Fig. 17. Influence of crown-wall position By, and crest ramp R; on the safety factor against sliding, Cs, for the nine wave conditions. Red dotted-lines indicate the
numerical values of Cs calculated on the traditional vertical structure. . (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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train. Regarding the position of the crown-wall, it can be seen that
similar behaviour described for the total forces can be replied here,
particularly for tests characterized by large significant wave height
(bottom panels in Fig. 17). Cs is similar to the one calculated on a vertical
structure and, in general, it increases with higher values of Byy,);. Results
indicate also that the ramp crest R; has no relevant influence on the
safety factor Cs.

An example of the time series of the resultant horizontal (Fy), vertical
(Fy) and destabilizing forces (F;) is shown in Fig. 18 for Test 08. Three
configurations of the innovative breakwater with different By, and a
fixed ramp crest (R; = 0.067 m) are compared to the traditional struc-
ture. The case shown in Fig. 18 (the one from Fig. 16) is characterized by
the occurrence of sporadic impact loadings on the set-back wall, in
particular for the condition with By, = 0.300 m. The top panel in
Fig. 18 indicates a different behaviour between the total horizontal
forces on the traditional breakwater and the innovative caisson. Due to
the presence of the set-back wall, each signal of the innovative caissons
is characterized by two distinctive peaks. The maximum horizontal
forces for each wave occurs when the wave impacts on the set-back wall
(second peak), while the first peaks are in phase with those computed for
the traditional breakwater, but they are shorter in magnitude due to the
energy dissipation caused by the wave overtopping over the frontal
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ramp. The central panel in Fig. 18 shows the signals of the total vertical
forces exerted on the four different configurations. The vertical forces on
the innovative breakwater increase until reaching a maximum value,
which is in phase and with similar magnitude of the one computed on
the traditional breakwater. After this peak, the vertically downward
component of the force exerted on the sloping ramp and the reservoir
drastically reduces the total vertical forces on the innovative break-
water. It can be noted in this panel how the dimension of the reservoir
influences the vertical forces on the caisson, i.e. the increase in By,
leads to a decrease in the total vertical forces. Contrary to the traditional
breakwater, the maximum vertical and horizontal forces exerted on the
innovative breakwater occur at different time steps, whose time lag in-
crease with By, Then, the total destabilizing forces Fg (Eq. (7)) differ
from the ones found for the traditional caisson. The bottom panel of
Fig. 18 shows these results. This example clearly indicates that an
innovative caisson having a crest freeboard and caisson width equal to
the one of a traditional structure is characterized by a similar or greater
stability, even for the conditions when an impact wave loading occurs on
the set-back wall (red lines in Fig. 18 for By, = 0.300 m). For cases with
a larger By, the destabilizing forces are smaller than the ones for a
traditional caisson.

& | I I
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Fig. 18. Time series of the total horizontal (top panel) and vertical force (middle panel) on traditional and innovative caisson with a fixed value of crest ramp (R, =
0.067 m) for Test 08. Bottom panel indicates the time series of the total destabilizing force, Fs.
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5. Conclusions

The hydraulic performance and structural stability of an innovative
vertical breakwater with an overtopping wave energy converter was
investigated using the IH2VOF numerical model (Losada et al., 2008;
Lara et al., 2011), extensively validated by Di Lauro et al. (2019) against
physical model tests on OBREC-R. The numerical modelling was applied
to study the interaction between irregular waves and traditional and
innovative vertical caissons, comparing the results in terms of wave
reflection, overtopping and resultant wave forces exerted on the struc-
tures. A total of 90 numerical model tests have been carried out in the
present analysis.

Numerical simulations were performed on different OBREC-V con-
figurations, allowing to investigate the influence of the ramp crest
freeboard, R; and the position of the set-back wall, By,y, on the hy-
draulic performance, as well as their effects on the global caisson sta-
bility. Numerical results obtained on the innovative breakwater were
then compared with those obtained on a vertical caisson with the same
wall crest freeboard and caisson width. Results indicate that the inte-
gration of the OBREC device in a traditional vertically-faced structure
has numerous advantages in terms of hydraulic and stability analysis.

Due to the wave dissipation on the ramp and reservoir, the reflection
coefficients computed in front of the OBREC-V are lower than those
computed in front of the traditional vertical breakwater, with a reduc-
tion of up to the 40%. An empirical relation, function of the relative crest
freeboard R,/Hpo and the relative wall position Byan/L_1,0, is provided
in this paper to estimate the reflection coefficients for different incident
wave conditions and OBREC-V configurations. The reduction of wave
reflection is obtained under extreme wave conditions. Under milder
waves, this reduction would be lower since only few waves are expected
to overtop the frontal ramp. Therefore, under those conditions, K; is
expected to be similar to the ones obtained for the traditional vertical
breakwater.

Regarding wave overtopping, results of the average and cumulative
wave overtopping discharge behind the set-back wall of the innovative
breakwater indicate that it significantly depends on the distance be-
tween the wall and the vertical face of the caisson, Byay. In detail, the
increase of By, reduces wave overtopping for all the incident wave
conditions analysed. The comparison between traditional and innova-
tive caisson show that the mean wave overtopping discharge for the
different configurations match the equation suggested in the EurOtop
Manual (EurOtop, 2016) for vertical structures, and almost all the nu-
merical data are contained in the 90%-confidence band of this equation.
However, to predict the mean overtopping discharge for the OBREC-V
with higher accuracy, a new coefficient was proposed in order to
adapt the application of the equation proposed in EurOtop Manual
taking into account the non-conventional geometry of the OBREC-V.

The resultant vertical and horizontal wave forces exerted on tradi-
tional and innovative breakwaters were also investigated for the sta-
bility analysis. Regarding the horizontal forces, results indicate that the
ratio between the forces exerted on innovative and traditional caisson is
not influenced by R;/Hpo. Contrary, the increase of the ratio Byai/L_1,0
leads to a slight reduction of the Fy, oprrc compared to the one calculated
on the vertical breakwater Fy, (raq. In fact, the resultant horizontal forces
on the set-back wall occur later than those on the front wall, with a
reduction of the total horizontal forces on the whole structure. There-
fore, the increase of By, leads to a reduction of the ratio Fy, oprec/Fh,trad
for almost all the tests here analysed. Results indicate also that long
waves are less influenced by the presence of the OBREC device installed
on the caisson, leading to only a slight reduction compared to the total
forces computed on the traditional vertically-faced structure. In detail,
for the highest value of T, and the lowest value of Byay;, the performance
of the two configurations in terms of total horizontal wave forces are
comparable.

Regarding the total vertical forces, results show that the ratio Fy,
0BREC/Fv trad is reduced with the increase of Ry/Hmo and Bwai/L_1,0. As
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expected, the introduction of the OBREC device on vertical caissons
induces a reduction of vertical forces due to the significant downward
components exerted on the ramp and the bottom reservoir. Further-
more, wave energy dissipation inside the reservoir reduces further the
forces on the structure. For higher values of R;/Hpyo and Byaj/L_1,0 the
downward force on the OBREC-V is half of the vertical uplift exerted on
the base caisson. The analysis of the loads exerted on the different
configurations clearly underlines the advantage of adopting this novel
solution with non-conventional shape due to the increase of the stability
compared to the traditional structure.

Finally, results show that the non-conventional geometry of the
innovative caisson integrated with an OBREC device highly increases
the overall stability of the structure. The values of the safety factor
against sliding, Cs (Eq. (6)) computed for innovative caissons are similar
or greater than those calculated for the vertical structure for almost all
the tests, confirming the behaviour described for the resultant forces on
the innovative and traditional caisson. In particular, the component of
the downward force on the superstructure and the time lag between the
vertical and horizontal forces, lead to a significant reduction of the
maximum destabilizing forces Fs (Eq. (7)) in the innovative breakwater,
whose values range between the 60-80% of the ones computed on the
traditional structure.

This study highlights the hydraulic and stability differences between
the OBREC-V and a traditional vertical breakwater. The OBREC-V en-
tails higher construction costs, but it also entails a set of co-benefits that
must also be considered in a decision-making process when designing a
new vertical breakwater. These co-benefits include not only the inherent
energy production of the device itself, but also the decreased wave
reflection and greater hydraulic stability compared to a traditional
design under the same wave conditions.
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