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This paper describes a 2D physical model study on the hydraulic performances of composite vertical
breakwaters with retreated wave walls. The research is an expansion of a previous experimental study by
the same Authors: a very large number of experiments, in the order of 2,000, have been carried out by
exploring and varying a wide range of wave and geometrical parameters of the structure, to investigate
their effect and importance. In order to make feasible the execution of this large number of tests, a small-
scale wave flume was used and regular wave conditions were reproduced. The influence of the wave wall
retreat has been investigated in terms of wave-induced forces, reflection coefficients and wave overtopping
discharges, comparing the hydraulic performances of structures with retreated walls with those of a flushed
wall configuration under the same wave conditions. The large number of experiments allowed to formulate
a detailed description of the complex phenomena at hand, providing statistical indicators that can be
used as guidelines for preliminary design purposes of such structures, quantifying the relevant sources of
uncertainty. The analysis confirmed and extended the previous findings and indicates that, on average, the
hydraulic performances of structures with retreated crown wall vary significantly from those of flushed wall
configurations. Specifically: (I) the forces acting on the wave wall increase of a factor up to 1.5, due to the
occurrence of impulsive loads; (II) the forces acting on the caisson trunk decrease of a factor up to 0.91;
(IID) the global forces can decrease reaching a minimum reduction factor of 0.87, although some dangerous
exceptions, in which equal or larger loads, than those occurring for standard flushed wall configuration, have
been registered; (IV) the reflection coefficients decrease of a factor up to 0.83; (V) the wave overtopping
discharges increase up to 2.55 times those with flushed walls.

1. Introduction

Vertical breakwaters are monolithic structures often used to protect
harbour basins. They are composed of (i) a rubble mound foundation,
(ii) a precast concrete trunk, (iii) a superstructure cast in situ, (iv)
a wave wall. Typically, the front faces of the trunk and of the wave
wall are aligned, offering a vertical and smooth surface at which wave
reflection takes place, inducing a pulsating wave load on the whole
structure. A technical solution for trying to reduce the wave loads on
the breakwater, consists in placing the wave wall at a retreated position
with respect to the front face of the trunk. This is expected to favor
a time shifting between the wave loads acting on the trunk and those
acting on the wave wall, reducing the global instantaneous peak forces.

However, no design criteria or guidelines exist to assist engineers
in the implementation of such technique. In fact, most of the avail-
able literature (Goda, 2010; Takahashi, 1996; Oumeraci et al., 2001;

Martinelli and Lamberti, 2011) concentrates on flushed wave wall
structures, while several works addressed the study of wave loads
induced by breaking waves on vertical walls placed in shallow water
conditions (Cooker and Peregrine, 1990; Bullock et al., 2007; Bredmose
et al., 2009; Cuomo et al., 2010a,b; Bredmose et al., 2015). Indeed,
studies that investigate forces and pressures on retreated walls placed
on tops of smooth dikes and rubble mound breakwaters are avail-
able (e.g., Martin et al., 1999; van Gent, 2003; De Rouck et al., 2012;
Chen et al., 2015; Van Doorslaer et al., 2017; Molines et al., 2019;
De Finis et al., 2020; Cao et al., 2021; Chen et al., 2021), but the
physical processes that take place at this type of structures appear to
be significantly different from those for vertical walls.

In order to make a step forward in the understanding of the physical
processes and of the governing factors, which might play a role in the
reduction of the wave loads on such specific type of structures, a series
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Fig. 1. Panel (a): picture (lateral view) of the wave flume. Panel (b): picture (front view) of the caisson model (trunk in marine plywood and 3D printed wave wall) with pressure
sensors. Panel (c): picture (lateral view) of the wave wall during an impact. Panel (d): sketch of the wave flume, model structure and overtopping chute and tank.

of experimental investigations was recently undertaken by the Authors.
The first results have been published in a previous paper (Romano and
Bellotti, 2023), which reports the results of an experimental campaign
carried out in a wave flume and describes the basic phenomena in-
volved and the physical/geometrical drivers expected to play a role on
the force increase/reduction factor. The geometry of the caisson and
of the rubble mound foundation was kept constant and four wave wall
positions (one aligned with the trunk and three retreated) had been
reproduced. Moreover, the wave wall had been designed, on purpose,
high enough to avoid the wave overtopping. The experiments had
been carried out using 19 regular wave conditions for each geometry,
resulting in a total of 76 tests.

Despite the limited number of geometries and wave conditions,
the experimental campaign by Romano and Bellotti (2023) has lead
to a better understanding of the effects of the retreated wall and
to identify the physical/geometrical drivers and preliminary conclu-
sions/considerations, as follows:

in general, the wave forces on the whole structure and on the
caisson trunk tend to decrease as the wave wall retreat increases;
the wave forces on the wall in general increase for retreated wall
configurations;

the retreated wall is subject to impulsive loads, due to the devel-
opment of a bore on the flat superstructure between the seaward
edge of the trunk and the wave wall;

the time shifting between wave loads on the trunk and impacts on
the wall is significant only if the retreat of the wall is relevant.
While small retreats induce to negligible shifting and strong im-
pacts on the wall, resulting in equal or even larger global forces
on the structure as a whole;

a major source of wave loads reduction is given by the fact that
reflection is reduced by the wave overtopping occurring at the
seaside edge of the trunk, resulting in smaller wave pressures
acting on the vertical front of the caisson;

the physical processes mentioned above (impacts, time shifting,
reduction of pressures at the seaside edge of the trunk) can have
both a concordant and antithetical effect among them.

It was indeed clear that the physical processes that take place dur-
ing the wave-structure interaction are quite complicated and deserve
further investigation for better understanding. Also, the main drivers
that play a role in the reduction of the global forces on the caisson,
have been clearly identified in the previous research, but a very limited

number of combinations of the geometry and wave parameters have
been tested. Thus, these first insights have motivated an expansion of
the previous experimental campaign, which is described in the present
paper.

The main aim of the new campaign is twofold: (1) to expand the
database of forces, reflection coefficients and overtopping rate acting
on vertical breakwaters with flushed and retreated wave walls and
(2) to make insight on the influence of the retreated wall distance
on the hydraulic performances of such structures. Thus, in the new
campaign, the range of tested wave and geometrical parameters of the
structure (e.g., more different positions of the wave wall, water depths,
heights of the rubble mound foundation, etc.) has been expanded, by
performing a very large number of experiments, in order to investigate
their effect and importance. Therefore, these parameters ranges have
been systematically varied to make sure that a broad set of wave-
structure interaction conditions are modeled and explored. Moreover,
wave overtopping is measured for each test, as it is one fundamental
hydraulic performance parameter that was not considered in Romano
and Bellotti (2023). In order to make feasible the execution of a very
large number of tests (about 2,000), a small-scale wave flume was used
and regular wave conditions were reproduced. These choices of course
might represent a limitation of the present results, that is discussed in
detail later in the paper, but appear to be a reasonable approach to
understand the complex physical processes at hand (Ravindar et al.,
2021).

The paper is structured as follows. After this introduction, a de-
scription of the experimental setup, together with the model structure
and the wave conditions, is provided. Then, a detailed description and
discussion of the experimental results, together with the limitations of
the present study, is given. Finally, conclusions and ongoing research
close the paper.

2. Experimental setup
2.1. Wave flume

The new 2D experiments have been performed in the hydraulics
laboratory of Roma Tre University (Department of Civil, Computer
Science and Aeronautical Technologies Engineering, Rome, Italy). The
laboratory is equipped with a small-scale wave flume made of Perspex,
pictured in panel (a) of Fig. 1. The flume is 9.00 m long, 0.27 m wide
and 0.50 m high, and has a piston-type wave maker with a maximum
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Fig. 2. Panel (a) and (b): sketch of the pressure sensor positions and geometrical parameters. Panel (c): detail of the 3D printed wave wall and pressure masks with thread. Panel

(d): 3D render of the model structure with wave wall and pressure sensors housing.
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Fig. 3. Ranges of explored parameters tested during the new experimental campaign (filled gray dots). Note that filled red dots refer to the previous data of Romano and Bellotti

(2023).

stroke of 1.00 m, allowing the generation of both regular and irregular
waves. The wave generation system is controlled by the state of the art
software AWASYS 7 (Aalborg University, 2018), that includes an active
wave absorption system (Andersen et al., 2016, 2018).

A total of seven resistive wave gauges are positioned along the
flume to measure the free surface elevation. As can be noted in the
sketch of Fig. 1 (panel (d)), two wave gauges are fixed on the wave
maker in order to provide the feedback to the active absorption system
(WG1 and WG2). Four wave gauges have been aligned along the central
longitudinal axis of the flume, to measure the wave field in front
of the structure (WG3-WG6). The last wave gauge (WG7) is used to

measure wave overtopping: it is placed in a fixed tank located behind
the structure, in which the overtopping water volumes are collected
through a chute. The acquisition frequency of the wave gauges is set at
50 Hz, and a calibration procedure is carried out at least twice daily to
account for environmental variations.

2.2. Physical model
The model structure replicates a vertical breakwater placed on top

of a rubble mound foundation (see Fig. 1, panel (b)). The foundation is
made of two parts: an inner core of uniform-size rock material and an
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Table 1

Pressure sensor names (first column), vertical positions measured from the toe of
the caisson (second column) and areas of influence (third column). Note: areas are
expressed in m as it is a 2D experiment.

Pressure sensor Elevation (m) Influence area (m)

Pl 0.043 0.0455
P2 0.068 0.0250
P3 0.093 0.0250
P4 0.118 0.0250
P5 0.143 0.0250
P6 0.158 0.0150
P17 0.173 0.0150
P8 0.188 0.0150
P9 0.203 0.0150
P10 0.218 0.0375
P11 0.260 0.0150
P12 0.266 0.0090
P13 0.278 0.0090
P14 0.284 0.0170

external rubble mound layer made of rocks (weight range 10.0-20.0 g).
The vertical breakwater is composed by the trunk, made of marine
plywood (thickness 0.01 m) and the wave wall, made of plastic and
designed to be fixed at different positions in order to test different wave
wall retreats. In panel (c) of Fig. 1 the picture captures a wave impact
on the wall during a test with retreated wall position. The caisson trunk
height is 4, = 0.248 m and the wave wall height is #,, = 0.050 m; their
width is 0.270 m to perfectly fit inside the wave flume. The dimensions
of both the caisson trunk and the wall are kept constant during all the
tests. The physical model is designed to be representative, in Froude
similarity, of a quite broad range of vertical breakwater configurations
in relatively deep-waters, rather than replicating a specific existing
structure. Nevertheless, a scale factor of approximately 1:100 can be
assumed, to get at prototype scales a composite vertical breakwater
based on water depths in the range of 27.0-35.0 m, with freeboard
values between 5.0-8.0 m. With this scale factor, considering also the
other geometrical parameters, the tested structures refer to a typical
Italian vertical breakwater (Franco, 1994).

To accurately measure the wave-induced actions on the vertical
structure, 14 pressure transducers (P, i = 1, 2, ..., 14; TRAFAG
Submersible Pressure Transmitter NAL 8838, with pressure range of
0-200 mbar) are fixed at the seaside face of the structure. The ac-
quisition frequency of these pressure sensors is 7,000 Hz to effectively
measure impulsive load peaks. As illustrated in Fig. 2 (panels (a) and
(b)) and as can be noted in the model picture (Fig. 1, panel (b)), 10
sensors (P1-P10) are placed on the caisson trunk and 4 (P11-P14) on
the wave wall. These transducers are strategically positioned in order
to provide a very high spatial resolution. Moreover, to maximize the
number of sensors in the areas of most interest, i.e. on the wave wall
and around the mean sea level, the mutual distance between the pres-
sure sensors is not constant, spanning in the range 0.006 m-0.025 m.
In Table 1 pressure sensor names and positions are reported.

Due to the reduced scale of the experiments, a particular care has
been adopted in minimizing potential laboratory effects. To this end,
some special pieces have been ad-hoc designed and 3D-printed for
housing the pressure sensors with the highest possible precision and
minimizing possible sources of flow disturbance. In particular, the wave
wall has been 3D-printed with plastic material, guaranteeing a structure
as rigid as possible and equipped with threaded holes ready to house
the pressure sensors (Fig. 2, panel (c)). On the other hand, to equip the
caisson trunk with a large number of pressure sensors, and to ensure
that its seaside face was as rigid and flat as possible, some special
threaded masks for screwing the pressure sensors have been designed
and 3D-printed (Fig. 2, panel (c)). These elements are fixed at the
seaside face of the trunk, ensuring a very good alignment between
themselves and the vertical caisson. Panel (d) of Fig. 2 shows a render
of the model structure with the wave wall in the flushed configuration
and the trunk ready for housing the sensor masks.

Coastal Engineering 191 (2024) 104539

Table 2

Ranges of explored parameters tested during the new experimental campaign.
Parameters Min. value Max. value
H (m) 0.027 0.115
T (s) 0.700 1.630
h (m) 0.270 0.350
H/h () 0.090 0.373
h/Ly (=) 0.077 0.393
H/L, () 0.008 0.077
R.,/H (- 0.547 2.805
G, /Ly () 0.000 0.196
hy/h (=) 0.167 0.313
h,/R, () 0.641 1.042

2.3. Test program

Fig. 3 presents the parameters space, showing the value of the main
geometrical and wave parameters tested in the present experimental
campaign (gray markers), together with those explored by Romano
and Bellotti (2023) (red markers). All the panels of Fig. 3 use non-
dimensional parameters axes, considering that 4 is the water depth at
the toe of the rubble mound foundation; L, is the wave length in deep
water conditions calculated as L, = #; H is the incident regular
wave height; R, is the crest wall freeboard; G, is the horizontal wall
retreat with respect to the seaward caisson face; 4, is the height of the
rubble-mound foundation and 4, is the wall height (for geometrical
parameters refer to Fig. 2 and List of Symbols).

The program for the new test campaign was thought in order to
widen the range of the parameter values explored in the previous
study (red markers in Fig. 3). Specifically, regarding the geometrical
parameters, the experiments considered two different rubble mound
foundation heights, 4, = 0.05 and 0.1 m; six different wave wall
retreated positions: G, for the flushed wall configuration (G, = 0) and
G,,—G.s, respectively for G, = 0.00, 0.02, 0.04, 0.06, 0.10 and 0.15 m.
The wave wall height £, is fixed, however the R, value varies due to
different water depth tested. The wave height and the wave period of
the regular waves and the water depth are systematically varied within
the following ranges: 0.027 < H <0.115m, 0.7 <T <1.63 s, and 0.27
< h < 0.35 m. Table 2 reports the range of tested parameters values.

Therefore, 322 wave and geometrical parameters combinations
have been tested for each wall configuration, resulting in a total
number of 1932 experiments, and allowing the comparison between
the performances of the structure under the same wave conditions for
the flushed wall configuration (G,,) and for each wall retreat (from
G, to G,s). The duration of each test is approximately 75.0 s in order
to obtain a wave time series long enough to get stationary conditions
acting on the structure.

3. Results and discussion

In this section the experimental results are presented and discussed.
The analysis is divided into three parts: (1) the analysis of the forces
acting on the structure; (2) the analysis of the reflection coefficients;
(3) the analysis of the wave overtopping. The last subsection discusses
the limitations of the study.

3.1. Wave forces

For each experiment fourteen pressure signals have been analyzed
in a time window of duration of 20.0 s, at which stationary conditions
had already developed, avoiding the initial stages of each test. The
pressure signals have been integrated by means of the rectangular inte-
gral method, assuming a uniform pressure along the area of influence
of each sensor (see values in Table 1). The boundaries of the area of
influence are at half the distance between the considered sensor and
those above and below. Thus, the following quantities are obtained:
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Fig. 4. Scatter plots of the global forces (filled black markers). In the panels from (b) (referring to G,,) to (f) (referring to G,s), FGR‘ are plotted against F, while in the panel
(a) the same quantities (FGV , referring to G,,) are reported in both the x- and y-axes. Note: the dashed black and continuous blue lines identify the bisector and trend lines,

respectively.

the global force F;(f) (acting on the whole structure), the force acting
on the caisson trunk Fr(r), and the force acting on the wall Fy, (1)
signals. No filtering has been used. The force peaks within the above
mentioned time window have been identified and extracted. Thus, for
each experiment, and for each considered force signal, a sample of force
peaks is obtained. Since regular waves have been tested, average values
of these peaks over the time window (hereinafter Fg;, Fr, and Fy,,
which are the average global, trunk, and wall forces, respectively) are
considered in the following analysis and discussion.

To identify the average peak forces related to the 6 positions of
the wave wall, the following symbols are used throughout the paper:
F(‘;’ , Y, Fv“’,, Fg i Ff i F:;’ (see List of Symbols). Note that the apex

()Y, standing for “vertical”, is used from now on throughout the whole
manuscript to identify quantities related to the flushed wall configura-
tion (G,y). The apex ()R (i = 1, ..., 5) standing for “retreated”, is used
to identify quantities related to the five retreated wall configurations
(Gcl_GCS)'

The analysis of the global forces is presented in Fig. 4. This figure
is divided into six panels, distributed in two rows and three columns.
In each panel, the experimental data are represented as filled black
markers and are presented in the form of scatter plot, while the dashed
black line identifies the bisector line. In the panels from (b) (referring
to G,)) to (f) (referring to G.s), Fg " is plotted against Fg . Conversely,
in the panel (a) the same quantities (F, g , referring to G,,) are reported
in both the x- and y-axes and of course perfectly align along the bisector
line.

Thus, Fig. 4 provides a direct comparison in terms of global force
increase/reduction as a function of the wave wall position, within
the ranges of wave and structural parameters explored during the
experiments. In order to help the interpretation of the results as well
as to better understand the following analysis and considerations, the
best fitting lines (in blue) are also represented in each panel. It is
worth noticing that these fitting lines should not be intended as an
empirical prediction method, in fact no correlation coefficients are
reported. Instead, they just aim at providing an indication of the
general trend/behavior for the considered wall retreat configuration.
Conversely, in order to provide a quantitative estimate of the force
increase/reduction factor as a function of the wall retreat to be used for
engineering design, a statistical analysis is provided later in the section.

For small wall retreats (panels (b) and (c)) of Fig. 4, the data cloud
lies preeminently along the bisector, although exhibiting a moderate
dispersion that testifies the complex nature of the phenomena at hand.
Therefore, the global forces acting on caissons with retreated wave
wall are similar, sometimes larger, than those acting on caissons with
flushed wall under the same wave conditions. As far as larger wall
retreats are concerned (panels (d), (e) and (f)), the data cloud tends
to lay, on average, at the right of the bisector lines, as also suggested
by the fitting lines. Thus, the global forces acting on caissons with
retreated wave walls tend to decrease with increasing G.. Moreover, the
rate of global force decrease tends to be larger when the wall is more
retreated. These findings are consistent with those reported by Romano
and Bellotti (2023). Nevertheless, it is interesting to note that, there
exist conditions in which global forces acting on caissons with retreated
crown walls are even larger than those experienced for the flushed
wall configuration (under the same wave conditions) also for large
wall retreats. This aspect testifies, one more time, the complex nature
of the phenomena at hand and the complex interaction between the
governing drivers. Therefore, due to the large number of data available
and the complex mechanisms, a statistical approach based on statistical
descriptors/indicators is used to quantify the force increase/reduction
factor. This is discussed later in the section, after the description of the
trunk and wall forces, respectively.

In Fig. 5 the analysis of the forces acting exclusively on the trunk is
presented. The organization of this figure is exactly the same of Fig. 4,
but here the trunk forces (F}’ and Ff 7) are represented. These exhibit
a behavior similar to that of the global forces (see Fig. 4). In fact, for
small wall retreats (panels (b) and (c)), the data cloud is, on average,
mainly aligned along the bisector, yet exhibiting a smaller dispersion
if compared with the global forces. This is perfectly justified by the
fact that the global forces also take into account the impacts on the
wall, which can be characterized by impulsiveness also for small wall
retreats. Similarly to what seen for global forces, for increasing values
of wave wall retreats (panels (d), (e) and (f)) the data cloud tends to
move, on average, on the right of the bisector lines. Again, this behavior
is similar to that observed for the global forces (see Fig. 4) and it
is consistent with the previous experimental findings of Romano and
Bellotti (2023). Also the forces acting on the caisson trunk are treated
later by means of a statistical analysis.



A. Romano et al.

Fig. 5. Scatter plots of the trunk forces (filled black markers). In the panels from (b) (referring to G,;) to (f) (referring to G ), F,'
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Fig. 6. Scatter plots of the wall forces (filled black markers). In the panels from (b) (referring to G.,) to (f) (referring to G.s), F,
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The Fig. 6 reports the analysis of the forces acting on the wave

wall (FV‘[// and FVI;" ), using the same style of the previous figures. Here,
however, the best fitting lines are not represented. In general, the
behavior of the forces acting on the wall is very similar among all the
wall retreat configurations tested. In fact, even for small wall retreats
(panels (b) and (c)) the increase of the force acting on the crown wall is
significant and the experimental data are characterized by a noticeable
dispersion if compared with both the global and the trunk forces. This
is, again, in line with the previous findings of Romano and Bellotti
(2023), who pointed out that the increase on the wave loads acting on
the wall, is mainly related to the change of flow regime induced by the
retreated wall configuration, which leads to the occurrence of impulsive
“church-roof-like” impacts, on the wall itself. For the same reason,
this data dispersion is considered natural for such a phenomenon,

considering that the forces acting on the wave wall are governed by
the occurrence of impulsive impacts that have a short duration in time
and a high variability in space. Moreover, as better explained later,
it appears that, on average, the force increase on the wall does not
increase significantly for increasing G,. Statistical analysis of the data
is presented later.

All the data represented in the Figs. 4, 5, and 6 have been further
processed as follows: for each force component (global, trunk and
wall) the ratios between the considered quantity measured for all
the retreated wall configurations (FGR" s FI{z " and F:;” ) and those for
the flushed wall configuration (FY, F; and F})), obtained for the
same wave conditions and structural parameters, have been calculated.
Then, some statistical descriptors and indicators (i.e., mean, median,
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Fig. 8. Boxplot of the ratios FX/Fy, Ff/F}, and Fj /F}, (panel (a), (b), and (c), respectively) as a function of the dimensionless parameter G,/h,,. Note: on each box, the central
mark (red line) indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data
points not considered outliers, and the outliers are plotted individually using red cross markers.

25th, and 75th percentiles) have been calculated for each set of force
components ratios and are presented and discussed in the following.

Fig. 7 represents with black empty markers the average value of the
ratios Fé‘ /Fg R F;‘/F}/ , and va; /FJ[/, (panels (a), (b), and (c), respec-
tively) as a function of the dimensionless parameter G,/h,,. Looking at
the panel (a), it can be seen that Fg / F(‘;’ is, as expected, equal to 1 for
G,/h,, = 0 (flushed wall). For small values of G,/h,, (i.e., small wall
retreats) it is very close to, or even slightly larger than, 1. Conversely,
for increasing values of G, /h,, (i.e., larger wall retreats), this ratio tends
to diminish, exhibiting a fairly linear trend, reaching a minimum value
of 0.87 for the largest wall retreat tested (G_s).

A similar behavior is observed for the ratio FTR / FTV (panel (b) of
the same figure). In fact, this ratio (equal to 1 for G./h,, = 0) tends to
decrease linearly in the range 0 < G./h,, < 1.2, reaching a minimum
value of 0.91, while tends to remain almost constant for increasing
values of G,/h,,, exhibiting an asymptotical behavior.

A completely different behavior is noticeable for the ratio va; /FV‘I’,
(panel (c) of the same figure). In this case, Fg /F g (equal to 1 for G, /h,,
= 0) increases quickly for increasing values of G,/h,, and attains at
value of the order of 1.5. This suggests two considerations related to
the forces acting on retreated wave walls: on the one hand it seems
that exists a kind of “on-off” mechanisms of the force increase acting
on retreated wave walls, while on the other hand it appears that exists
a “saturation” of the force increase itself within the range of the tested
wall retreats.

In order to provide with an idea of the dispersion of the data, Fig. 8
reports the boxplots as a function of G./h,. On each box, the central
mark (red line) indicates the median, and the bottom and top edges
of the box indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered out-
liers, and the outliers are plotted individually using red cross markers.
Similarly to what done in Fig. 7, the panel (a) refers to the ratios
FR/FY, the panel (b) to FX/F}, and the panel (c) to F,x /Fy,, respec-
tively. These representations, together with the statistical indicators
reported in the Tables 3, 4, and 5, can be useful for preliminary design
purposes as they give a direct measure of the variability, as well as

Table 3
Statistical descriptors of the ratios FJ/ F},’ as a function of G./h,,.
G./h, Mean Median 25th 75th
percentile percentile
0.00 1.00 1.00 1.00 1.00
0.40 1.01 0.98 0.94 1.04
0.80 0.98 0.97 0.92 1.02
1.20 0.93 0.93 0.87 0.98
2.00 0.92 0.91 0.85 0.98
3.00 0.87 0.87 0.80 0.94
Table 4
Statistical descriptors of the ratios FX/ F}’ as a function of G./h,,,.
G./h, Mean Median 25th 75th
percentile percentile
0.00 1.00 1.00 1.00 1.00
0.40 0.96 0.92 0.86 0.96
0.80 0.93 0.96 0.92 1.00
1.20 0.91 0.94 0.89 0.97
2.00 0.91 0.90 0.86 0.95
3.00 0.92 0.91 0.86 0.96
Table 5
Statistical descriptors of the ratios FV’; / FV‘; as a function of G./h,,,.
G./h, Mean Median 25th 75th
percentile percentile
0.00 1.00 1.00 1.00 1.00
0.40 1.40 1.18 1.03 1.47
0.80 1.50 1.33 1.12 1.64
1.20 1.45 1.32 1.13 1.64
2.00 1.42 1.31 1.11 1.64
3.00 1.34 1.25 1.00 1.57

of the uncertainty, related to such phenomena. In particular, the panel
(c) shows that the highest variability and uncertainty, testified by the
significant difference between the 25th and 75th percentiles, is related,
as expected, to the forces acting on the wave wall.
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3.2. Reflection coefficients

In this section the analysis of the reflection coefficients as a function
of the wall position is presented and discussed. For each test, the
incident and reflected wave components have been separated using
the nonlinear method by Andersen et al. (2017), and the reflection
coefficient (C,) calculated as the ratio of the reflected and of the
incoming wave height (referred to as H). The analysis has been carried
out in the same time window considered for the evaluation of the
forces, in which stationary conditions acting on the structure are guar-
anteed. In the following: C¥ and C,R i refer respectively to the flushed
wall configuration (G,,) and to the five retreated wall configurations
(G,.,-G,s), as also reported in the List of Symbols.

The analysis of the reflection coefficients is presented in Fig. 9.
Coherently with what done for the force analysis, the experimental
data are represented as filled black markers and are presented in the
form of scatter plots, while the dashed black and continuous blue lines
identify the bisector and the best fitting lines, respectively. Note that
the organization of this figure is exactly the same of Figs. 4, 5, and 6.

Panel (a) of Fig. 9 shows that, as obvious, the data lie exactly along
the bisector line (G ). Conversely, a different behavior of the reflection
coefficients is noticed for increasing retreats of the wave wall (G.,-Gs),
represented in the panels from (b) to (f). For small wall retreats (panels
(b) and (c)), the data cloud, although characterized by dispersion,
tend to lie on the right of the bisector lines. This testifies that the
reflection coefficients tends to decrease, on average, with increasing G..
In fact, also for small wall retreats, the disturbances on the pulsating
flow regime induced by the wall retreat changes the nature of the
wave reflection increasing turbulent dissipation and resulting in a lower
reflection coefficient. This behavior tends to be magnified as larger
wall retreats are considered (panels (d), (e) and (f)). In fact, for larger
wall retreats the data cloud tends to move, on average, even more on
the right of the bisector lines, as clearly shown by the trend lines.
Moreover, the vertical dispersion of the experimental data increases
with G, and the reflection coefficients exhibit minima values in the
order of 0.5 for large G, (see panels (d), (e) and (f)). This trend, already
highlighted by Romano and Bellotti (2023), which analyzed a reduced
number of wave and geometrical conditions, is confirmed by these new
experiments.

Fig. 9. Scatter plots of the reflection coefficients (filled black markers). In the panels from (b) (referring to G,,) to (f) (referring to G,s), C,fz’

panel (a) the same quantities (C”, referring to G ) are reported in both the x- and y-axes. Note: the dashed black and continuous blue lines identify the bisector and trend lines,

are plotted against C”, while in the

Table 6
Statistical descriptors of the ratios C*/CY as a function of G,/h,,.
G./h, Mean Median 25th 75th
percentile percentile
0.00 1.00 1.00 1.00 1.00
0.40 0.97 0.97 0.93 1.01
0.80 0.93 0.93 0.86 1.00
1.20 0.89 0.91 0.83 0.97
2.00 0.83 0.84 0.75 0.92
3.00 0.83 0.83 0.76 0.91

The ratios between the reflection coefficients measured for all the
retreated wall configurations (C,R ) and those for the flushed wall
configuration (Cr"), obtained for the same conditions, have then been
calculated, along with some statistical parameters. Similarly to what
done for the ratios of the forces, in panel (a) of Fig. 10 are reported as
black empty markers the average values of the ratios CX/C?, while in
panel (b) of the same figure, other statistical descriptors of the same
ratios are represented in the form of boxplots as a function of G,/h,,.
Note that symbols and notation for the boxplots are the same as those
used in Fig. 8.

Looking at the panel (a), it can be seen that for increasing values
of G./h,, CR/CY tends to decrease almost linearly up to G,/h,, = 2,
reaching the minimum value of 0.83. Instead, for G,/h,, > 2, it appears
that CR/CY tends to remain constant, without experiencing further
increase nor reduction. So, it appears that, on average, also for the
reflection coefficient, the reduction caused by the wall retreat seems
to be limited and, at least for the considered range of parameters, does
not further decrease beyond certain values of wall retreats. A similar
behavior is confirmed looking at the boxplots represented in the panel
(b) of Fig. 10. In fact, the medians of the CR/CY tends to decrease
linearly up to G./h, = 2 and then stabilize (see Table 6).

3.3. Wave overtopping

In this section the analysis of the average wave overtopping dis-
charge ¢ (I/m/s), as a function of the wall position, is presented and
discussed. The overtopping waves have been collected in the tank
located behind the wave wall and the total volume, recorded during
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Fig. 10. Panel (a): average values (empty black markers) of the ratios CX/C! as a function of the dimensionless parameter G,/h,. Panel (b): boxplots of the ratios CX/C as a
function of the dimensionless parameter G,/h,. Note: on each box, the central mark (red line) indicates the median, and the bottom and top edges of the box indicate the 25th
and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using red cross markers.
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Fig. 11. Scatter plots of the wave overtopping discharges (filled black markers). In the panels from (b) (referring to G.,) to (f) (referring to G,s), g™ are plotted against ¢", while
in the panel (a) the same quantities (¢", referring to G,,) are reported in both the x- and y-axes. Note: the dashed black and continuous blue lines identify the bisector and trend

lines, respectively.

the same time window used for both the forces and reflection analysis,
has been evaluated on the basis of the measurement of the free surface
elevation in the tank. The volume has been then divided by the width
of the overtopping chute and by the time duration of the considered
time window. Finally, the average overtopping discharge g is available
for each experimental test.

Given that regular waves are used and that the analysis is carried
out on short time windows, an important clarification on the meaning
of ¢ is needed. In fact, these values of g cannot be intended in a
“classical sense” as the average overtopping discharge that can be
calculated by using literature formulae (EurOtop, 2018). Indeed, it is
well known that wave overtopping is a complex phenomenon and the
mean overtopping discharge is an hydraulic parameter that is normally
evaluated under the attack of random (irregular) sea states and closely
depends on the test duration, on the number of reproduced waves, on
the wave sequencing, and on other aspects not considered here (Ro-
mano et al., 2015; Williams et al., 2019). On the contrary, these values
of ¢ should be considered as a mean to compare some structural layouts,

similarly to what done by Castellino et al. (2018, 2021). The aim of this
analysis is, in fact, to compare the wave overtopping performances of
a structure with retreated wave wall with those of the same structure
with flushed wall under the same wave conditions. The analysis is
expected to provide a measure of the increase/reduction factor of wave
overtopping induced by a retreated wave wall or, in other words, the
deviation from the flushed wall behavior.

The following symbols are used throughout the paper: ¢¥ and
q"i, respectively the wave overtopping discharge for the flushed wall
configuration (G,) and the same quantity related to the five retreated
wall configurations (G,,-G,s). The analysis of the wave overtopping is
presented in Fig. 11; it is organized exactly as the Figs. 4, 5, 6, and
9. In general, the wave overtopping discharge increases for increasing
values of G,, as clearly shown by the trend lines. This aspect, which
is completely new as the wave overtopping was not measured by Ro-
mano and Bellotti (2023), is somehow expected. In fact, the change
of flow regime induced by the wall retreat, modifies the nature of
the wave-structure interaction hydrodynamics. A bore, with significant

R,
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Fig. 12. Panel (a): average values (empty black markers) of the ratios ¢®/¢” as a function of the dimensionless parameter G, /h,,. Panel (b): boxplots of the ratios ¢®/q" as a
function of the dimensionless parameter G,/h,. Note: on each box, the central mark (red line) indicates the median, and the bottom and top edges of the box indicate the 25th
and 75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using red cross markers.
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horizontal momentum, develops on the flat superstructure between the
seaward edge of the trunk and the wave wall: after impacting the wall,
it seems to favor the occurrence of overtopping. This is particularly
evident, especially for those “on the edge conditions”, in which null
or little wave overtopping would have been occurred if a flushed wall
configuration would have been used.

Furthermore, looking at Fig. 11, it is possible to see that the dis-
persion of experimental data is relevant, as expected for a complex
phenomenon like the wave overtopping, characterized by large sources
of uncertainties (Romano et al., 2015; Williams et al., 2019), even if
regular waves are used. For small and medium wall retreats (panels
(b), (c) and (d)), the data cloud, although characterized by dispersion,
shows that the wave overtopping discharge tends to increase signifi-
cantly with respect to the flushed wall configuration. In fact, for small
and medium wall retreats, the data cloud tends to move, on average,
significantly on the left of the bisector lines, as clearly shown by the
trend lines. On the contrary, this behavior tends to be less evident as
far as larger wall retreats are considered (panels (e) and (f)), where,

10

Table 7
Statistical descriptors of the ratios ¢%/¢" as a function of G, /h,,.
G./h, Mean Median 25th 75th
percentile percentile
0.00 1.00 1.00 1.00 1.00
0.40 1.90 1.48 1.06 2.11
0.80 2.20 1.74 1.06 2.59
1.20 2.55 1.93 1.16 3.31
2.00 2.01 1.53 1.00 2.43
3.00 1.63 1.23 0.84 1.95

although the data dispersion is even more pronounced, the rate of wave
overtopping increase tends to decrease.

Similarly to what already discussed with reference to the reflection
coefficient ratios (Fig. 10), in panel (a) of Fig. 12 the mean values of the
ratios g®/q" are represented with black empty markers, while in panel
(b) of the same figure, other statistical descriptors of the same quantity
are reported using boxplots. The notation is identical to that used for
the other parameters. The ratio ¢®/¢" increases quickly with G,/h,,,
almost linearly, and reaches a maximum value of 2.55 for G,./h, =
2. Then, it starts to decrease, with a linear trend characterized by
a slope less pronounced than that of the ascending phase, reaching
a minimum value of 1.63 for G./h, = 3 (i.e., G.s, the largest wall
retreat tested during the experiment). A similar behavior is confirmed
by the boxplots represented in the panel (b) of Fig. 12. It is worth
noticing that the boxplots are particularly useful to represent the large
variability/uncertainty that characterizes the wave overtopping. In fact,
it is possible to see that experimental data present a large gap between
25th and 75th percentiles, especially for the largest values of wave
overtopping increase (see Table 7). In general, it appears that there ex-
ist some wall positions, for which the maximum values of overtopping
increase.

3.4. Limitations

In this section, the limitations of the present study, as well as the
coherence with previous findings, are discussed. The most important
limitation is related to the chosen reduction scale factor, that is in
the order of 1:100, if reference is made to the typical dimension of
vertical breakwaters. The reason of such a choice is the following.
The experimental evidences described by Romano and Bellotti (2023),
highlighted the complex nature of the processes induced by a re-
treated wall, which changes dramatically the hydrodynamics of the
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wave-structure interaction, governed by the complex mutual interac-
tion between several (often antithetical) factors/drivers. Those factors
have been clearly identified in the previous research, but a very limited
number of combinations of the geometry and of the wave parameters
had been tested. The complexity of the phenomenon at hand, together
with its high degree of variability/uncertainty, has led the Authors to
prefer a large number of experiments in a small wave flume instead
of a smaller number of tests in a larger facility, like that adopted in
the previous campaign. This choice is often preferred to understand
complex physical processes of wave-structure interaction (Ravindar
et al.,, 2021). In fact, the small experimental setup, which is similar
to that used by Romano et al. (2015), has guaranteed a high degree
of flexibility, a short duration of each experiment and, accordingly, a
short time lag between two consecutive experiments.

The results are therefore certainly affected by some scale effects.
However, it should be noted that the aim of this study is not to
provide absolute values of forces, reflection coefficients, overtopping
discharges, nor design empirical formulae. Instead, the aim of this cam-
paign is to provide some comparison, in terms of the ratio of hydraulic
parameters, of the performances (force, reflection coefficients, wave
overtopping) of a structure with retreated wave wall against those
of the same structure with flushed wall under the same wave con-
ditions. Both the configurations (flushed and retreated), are expected
to experience similar laboratory and scale effects. Obviously, some
processes (e.g., presence of air bubbles, air entrainment in the bore,
water compressibility) are more affected than others if a reduced scale
is used (Bullock et al., 2001; Blenkinsopp and Chaplin, 2011; Ravindar
et al., 2021), but the general trend/behavior, especially if intended in a
comparative way, should be well caught. In fact, the new experimental
results confirm and extend the understanding of the complex physical
mechanisms as well as the results and findings pointed out by Romano
and Bellotti (2023) at a larger scale.

In this regard, reference can be made to Fig. 13. It is identical
to Figure 19 of Romano and Bellotti (2023), and reports the dimen-

sionless global pg% forces, obtained for all the experimental tests

and for all the wall configurations, as a function of the explanatory

2
% % (LOL;G“ ) , proposed by Romano and Bellotti (2023). Note
0

that filled red and black circles represent data of Romano and Bel-
lotti (2023) and new small-scale data, respectively. This figure shows
that the experimental data obtained at a larger scale, fall within the
cloud formed by the new small-scale experiments. Moreover, the wide
expansion of the experimental ranges of the tested parameters and
the complexity of the hydrodynamics phenomena at hand, reflected
in the significant dispersion of the experimental data, suggested to
adopt a statistical approach, based on a large number of experimental
tests, instead of trying to provide explanatory variables and empirical
formulae (e.g., Figures 21 and 22 of Romano and Bellotti, 2023).
Another limitation lies in using regular, instead of irregular, waves
in the tests. The reasons for this choice is, again, that of reducing
the duration of each run, in order to carry out a very large number
of tests, and of avoiding the uncertainty in the results interpretation
induced by the randomness of a real sea state. The results cannot
therefore be used directly for estimating the effects of real sea states
on the structures. However, they can surely be used to compare the
performances of the breakwaters under the action of identical wave
conditions, though regular. A similar approach has been recently used
with success by Martinelli et al. (2018) and Castellino et al. (2021).
They have demonstrated that the effect, in terms of maximum forces
induced by an irregular sea state acting on a vertical breakwater, can be
well reproduced using regular waves. Certainly, the wave overtopping
is expected to be much more influenced by the randomness and by the
sequence of the waves and further research is deemed necessary, to
better investigate this important hydraulic performance parameter.
Finally, two further possible scale and laboratory effects should be
considered: (1) the use of relatively rough elements in small scales, that

variable
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can affect the porosity and roughness of the mound, resulting in some
critical effects on the rock stability, that however are not considered
in the paper; (2) the occurrence of sub-harmonic long waves, typical
of any wave flume experiments, that can induce local set-ups/downs
at the structure. In this case, the short duration of the experiments is
expected to limit their occurrence. Therefore, it is noted that neither
of the aforementioned is expected to have a significant impact on the
experimental results.

4. Conclusions

In this paper, the results of a new small-scale experimental cam-
paign aiming at investigating the hydraulic performances (forces, re-
flection coefficients and wave overtopping) of composite vertical break-
waters with retreated wave wall have been presented. This new cam-
paign represents a wide expansion of the previous work of Romano and
Bellotti (2023), that investigated the basic phenomena involved and the
related governing factors.

Due to the complex nature of the hydrodynamic processes at hand,
which is governed by the mutual interaction between the governing
drivers, in this new campaign it was chosen to explore and vary
systematically both wave and geometrical parameters, performing a
very large number of small-scale tests (in the order of 2,000) with
regular waves. On the basis of the large number of experimental data, a
robust statistical analysis has been performed, to provide a quantitative
estimate of the force, reflection coefficient, and wave overtopping
increase/reduction factor, compared to the flushed wall configuration,
as a function of the wall retreat. These results can be used as first
guidelines for engineering design of such structures.

As a general result, the experimental evidences confirm and extend
the understanding of the physical processes as well as the previous find-
ings pointed out by Romano and Bellotti (2023). Specifically, the forces
acting on the wave wall are, on average, 1.5 times larger than those
occurring on a flushed wall configuration under the same wave con-
ditions. This increase, which seems to be characterized by an “on-off”
mechanisms, is due to the occurrence of impulsive loads conditions,
which occur for all the wall retreat configurations, and tends to remain
almost constant also for large wall retreats. The forces acting on the
caisson trunk, on average, tend to decrease with increasing G, reaching
a minimum average reduction factor of 0.91. Also for the trunk forces,
the reduction factor remains almost constant for G./h,, > 1.2. As far as
global forces are concerned, it appears that, on average, they decrease
with increasing G, reaching a minimum reduction factor, compared
with flushed wall configurations, of 0.87. Moreover, it is worth noticing
that this general behavior of the global forces presents some dangerous
exceptions, in which equal or larger loads, than those occurring for
standard flushed wall configuration, are experienced by the structure in
the range 0 < G, /h,, < 1. This was already highlighted by Romano and
Bellotti (2023) and appears to be due to the complex (often antithetical)
interaction between the governing drivers/factors (impulsive impacts
on wall, trunk-wall loads time shifting, reduction of pressures at the
seaside edge of the trunk), and is particularly critical for the stability
of these structures.

As far as reflection coefficients are concerned, the experimental
data suggest that this parameter, on average, decreases with increasing
values of G,, reaching a minimum reduction factor of 0.83. Similarly
to what seen for trunk forces, this reduction factor tends to remain
constant, without experiencing further increase nor reduction beyond
certain values of wall retreats.

Moreover, the wave overtopping performances have been investi-
gated. This aspect is completely new as not considered in the pre-
vious paper of Romano and Bellotti (2023). As a general result, the
experimental evidences, although characterized by large variability,
suggested that a structure with retreated wall experiences wave over-
topping discharges larger than those occurring for flushed wall config-
urations under the same wave conditions. This is particularly evident,
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especially for those “on the edge conditions”, in which null or little
wave overtopping would have been occurred for the flushed wall con-
figuration. Specifically, the wave overtopping increase factor reaches,
on average, a maximum value of 2.55 for G./h,, = 2, while decreasing
up to a minimum value of 1.63 for G, /h,, = 3 (i.e., G.s, the largest wall
retreat tested during the experiment).

To summarize, both the previous (Romano and Bellotti, 2023) and
the new experimental results suggest that the wave-structure interac-
tion phenomena that take place at structures with retreated wave wall
are quite complicated. For this reason, a note of extra caution should
be adopted when designing these structures. In fact, this paper provides
statistical indicators which can be used as guidelines for preliminary
design purposes, nevertheless it is recommended to plan an ad-hoc
physical/numerical tests campaign tailored on the specific case.

Finally, it is worth to stress that, due to the complexity of the
phenomena that take place, further research would be valuable. Specif-
ically, it would be useful to explore the possibility of using Machine
Learning techniques to develop predictive tools. At the same time, a
careful analysis and classification, using hybrid modeling techniques
and computational fluid dynamics (CFD) methods, of the bores propa-
gating on the promenade and impacting the wave wall would allow
to identify those hydrodynamic conditions that represent the ‘“the
worst-case scenario” for the structure. Finally, it would be worth to
study the effect of irregular (random) wave conditions for refining the
quantification of wave overtopping uncertainty.

List of symbols

CV = reflection coefficient related to the flushed wall configura-

tion, (-);

. C,R i = reflection coefficient related to the ith (i = 1, ..., 5)
retreated wall configuration, (-);

+ CR/CY = average values of the ratios chiy v, ()

Fg(1), Fp(1), Fy (1) = global, trunk and wall force time series,

(N/m);

Fg, Fr, Fy, = average values of global, trunk and wall force

peaks, (N/m);

FY, F/, F;, = average values of global, trunk and wall force

peaks related to the flushed wall configuration, (N/m);

Fg" s FTR ‘0 Flf;" = average values of global, trunk and wall force

peaks related to the ith (i = 1, ..., 5) retreated wall configuration,

(N/m);

FR/FY, FR/F), FR /F), = average values of the ratios Fg i/FY,

ESJFY, Fyl[FY, (5

g = gravitational acceleration, (m/s?)

* G, = wave wall retreat, (m)

* G,y = G, of the flushed wall configuration (G, = 0.0 m), (m)

G,-G,5s = G, of the five retreated wall configurations, (m)

h = water depth, (m)

h;, = rubble mound foundation height, (m)

h, = caisson trunk height, (m)

* h,, = wave wall height, (m)

H = incident wave height, (m)

L, = deep-water wavelength, (m)

+ ¢ = wave overtopping discharge related to the flushed wall

configuration, (1/m/s);

g®Ri = wave overtopping discharge related to the ith (i = 1, ..., 5)

retreated wall configuration, (1/m/s);

+ gR/q" = average values of the ratios ¢*i /4", (-);

R, = crest freeboard, (m)

» T = wave period, (s)

+ p = water density, (kg/m?)
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