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A B S T R A C T

This work presents the results of an investigation on how wave overtopping at a near-vertical seawall at the
back of a sandy foreshore is influenced by sequences of erosive storms. The experiments were carried out in
the Large Wave Flume (GWK) at Leibniz University, Hannover (Germany). The tested layout consisted of a
near-vertical 10∕1 seawall and a sandy foreshore with an initial 1∕15 slope. Three sequences of idealised erosive
storms were simulated. Within each storm both the incident wave conditions and still water level were varied
in time to represent high and low tide conditions. Each sequence started from a 1∕15 configuration and the
beach was not restored in between storms. The measurements included waves, beach profile, wave overtopping
volumes. The profile of the beach was measured after each sea state tested.

Wave overtopping at each stage of the tested storms was significantly influenced by bed changes. This
was linked to the measured evolution of the beach. Measurements showed that a barred profile developed
quickly at the start of each sequence, and scour developed at the toe of the structure during high water level
conditions, while accretion or partial backfilling developed during low water level conditions. Due to these
processes, the position of a sea state in the tested sequence is shown to be an important factor in determining
the wave overtopping volume. Remarkably, when a weaker idealised storm followed a more energetic one,
nearly the same level of overtopping was recorded. This is explained by the foreshore erosion, leading to
increased water depths and wave heights at the toe of the structure. This finding allows to quantify and
to explain the variability of wave overtopping in storms following one another at intervals shorter than the
recovery time of the foreshore.
1. Introduction

Coastal flood defence structures, in particular seawalls, are often
found at the back of natural beaches. Erosive processes and scouring at
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the toe of the structures during storms can influence wave dissipation
on their foreshore, and affect wave overtopping. This process is par-
ticularly important when storms arrive at intervals too short to allow
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full beach recovery. Therefore, quantifying the influence of sequences
of storms on seawalls performance, i.e., on wave overtopping, allows
better modelling and design of coastal flood defences in presence of
sandy foreshores.

Sequences of storms are documented and studied all over the
world (e.g., Dissanayake et al., 2015a,b; Masselink et al., 2016; Besio
et al., 2017; Eichentopf et al., 2020a; Baldock et al., 2021), and the
focus of existing works is the understanding of the resulting cumu-
lative erosion on natural beaches (Eichentopf et al., 2019; Sénéchal
et al., 2017). On the other hand, the knowledge of the effects of
storm sequences on engineered beaches (i.e., composite systems with
a sandy foreshore and a backshore rigid wall), and in particular on
the level of wave overtopping at a seawall, is much less developed. In
general, investigations on wave overtopping considering the evolution
of the foreshore profile are rare. As a matter of fact, only recently,
laboratory experiments on the effect of the evolution of shingle beaches
on wave overtopping at a seawall have been conducted (Salauddin
and Pearson, 2019, 2020). Previous research showed that this type
of structure induces lowering of the beach level in its proximity, due
to scour at its toe (see Kraus and McDougal, 1996; McDougal et al.,
1996, for a review). In turn, the foreshore morphology affects wave
height and even spectral periods at the toe (Hofland et al., 2017).
These two parameters significantly influence wave overtopping, as
demonstrated experimentally (e,g, Altomare et al., 2016), therefore
they are incorporated in the design formulae in EurOtop (2018).
However, a detailed quantification of how a preceding storm affects
the overtopping at a seawall due to the foreshore evolution has not
yer been carried out. A strong motivation to investigate this process
is that, during storm sequences, an enhancement of the impact of
storms of moderate intensity in the erosion of natural beaches was
documented (Lee et al., 1998; Splinter et al., 2014; Coco et al., 2014),
while the potential analogous enhancement in wave overtopping has
never been investigated in depth. Given the aforementioned occurrence
of such sequences, this is a relevant gap in research.

The project ICODEP (Influence of foreshore evolution on COastal
DEfence Performance), within the HYDRALAB-PLUS program, aims
at quantifying the influence of foreshore profile evolution during se-
quences of storms on wave overtopping. To this end, a series of large-
scale laboratory experiments were conducted on a flood defence made
of a steep hard structure at the back of foreshore, representative of a
seawall commonly found in coastal areas across the world. The incident
wave conditions used were designed to simulate sequences of storms
that did not allow recovery in between them. The experiments were
carried out at the Large Wave Flume (GWK) at Leibniz University
Hannover (Germany). A video sample of the experiments is available
on the Hydralab+ YouTube channel.

Large flumes, such as the GWK and Delta Flume, were built to
cope with morphodynamic scale effects and the possibility of their
occurrence in wave overtopping in the presence of long foreshores
were reported by Franco et al. (2009) and included in EurOtop (2007)
and EurOtop (2018). Specific scaling relationships for flow and sed-
iment transport variables are developed to assure that regimes are
consistent in nature and in the model (Van Rijn et al., 2011; Frostick
et al., 2011). Laboratory tests showed that large-scale setups are suit-
able to minimise scale effects in sediment transport (Van Rijn et al.,
2011). Therefore, by using the GWK facility, it was possible to quantify
the role of sequences of erosive storms and of evolving sandy beaches
on overtopping processes at the seawall. Results of a comprehensive
investigation on the main overtopping parameters, i.e., the number of
overtopping events, overtopping volumes, discharges, and probability,
are presented through the analysis of the ICODEP experimental results
at storm and sequence scales.

This paper is organised as follows: after this introduction, the labo-
ratory tests are described in detail in Section 2, then the results are
presented and discussed in Section 3. Conclusions are presented in
2

Section 4. r
2. Laboratory tests

2.1. Experimental setup

The experimental layout (Fig. 1) consisted of a near vertical 10∕1
sloped seawall and a sandy foreshore with an initial 1∕15 slope. The
natural sand of the beach had a nominal diameter (𝐷50) of 0.30 mm.
The 1∕15 slope for the foreshore was chosen for the present work as
a benchmark slope, which had been extensively used in a number of
previous experiments on sand beach evolution in the absence/presence
of coastal structures/seawalls at GWK and other similar size facili-
ties (e.g., Eichentopf et al., 2020b; Vousdoukas et al., 2014). The frame
of reference used in this work had the origin of 𝑥 at the neutral position
of the wave paddle and the origin of 𝑧 is set at the bottom of the
flume. The 𝑦 coordinate origin was located on the instrumented wall
of the flume (see Fig. 2). The coordinates of the crest of the seawall
were 𝑥 = 240.93 m and 𝑧 = 5.5 m. The toe of the beach is at
𝑥 = 161.9 m. The model of the 10∕1 battered (exposed with no toe
revetment) wall (see Fig. 2) was made of a steel plate reinforced with
plywood bars on the back and supported by a steel frame. This was
anchored to the flume walls by two vertical rails. The structure toe at
the beginning of each sequence was located at 𝑥 = 240.86 m. Behind
the steel seawall a vertical impermeable wall extended down to the
bottom of the flume, in order to create a hydraulic disconnection for
the groundwater flow between the beach and the sand at the back of
the wall. The structure was buried in the sand for a depth of 0.9 m
with respect to the initial level of the beach at the toe. Fig. 1 shows
the positions of all the instruments along the foreshore, while Fig. 2
shows the seawall and all the instruments that are installed on it. A
complete list of the coordinates of the instruments has been provided
in a spreadsheet as additional material. A detailed description of the
measurement equipment is given in Section 2.4

2.2. Test conditions

Three different sequences of wave and still water level (SWL) condi-
tions were tested. Each sequence was made of 18 segments, each lasting
𝐷𝑇 = 32 minutes, during which the SWL and wave parameters were
aried. The segments were a combination of 3 groups of 6 waves and
WL combinations. These groups are referred here as storms because
hey were designed to be representative of idealised storm peaks and
ndicated as S1 and S2, corresponding to the two storm profiles defined,
ith S2 being the more energetic of the two. The six segments are

eferred to as T1 to T6. Waves were generated using the JONSWAP
pectrum with a shape factor 𝛾 = 3.3; it is worth noticing that the
ignificant distance travelled by the generated waves at uniform depth
ssured that these assumed intermediate water characteristics. Fig. 3
hows the time history of both the significant wave height (𝐻𝑚0) and

SWL conditions tested. The sequence of individual waves for each
segment 𝑇 was kept the same throughout the tests, in order to remove
the variability due to the particular sequence of waves at the boundary
(Romano et al., 2015, Williams et al., 2014, 2019). Two SWLs were
applied during each storm; these were the same for storm S1 and S2.
T3 and T4 were always tested with the SWL at 5.06 m from the bottom
of the flume, and the rest of the storm was tested with the SWL at 4.60 m
see Table 2, 3, and 4 for details). As shown in Fig. 3, in both S1 and
2, 𝐻𝑚0 increased from T1 to T2 at low SWL conditions, it reached
maximum at T3 in high SWL conditions and decayed afterwards

rom T4 to T6. The coincidence of maximum 𝐻𝑚0 and maximum
WL was chosen because maximum overtopping is expected to occur
hen high tide and the maximum significant wave height occur at the

ame time. For example, this was the case of the storm on the east
oast of England (U.K.) that occurred from 5th to 6th December 2013,
hen the peak storm 𝐻𝑚0 coincided with high-water during spring-

ide (Dissanayake et al., 2015b). To simplify the presentation of the

esults, unless individual segments are analysed, T3 and T4 will be
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Fig. 1. Layout of the ICODEP seawall and foreshore, together with all the instruments installed. Upper panel: overview of the flume. Lower panel: close-up on the structure.
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eferred as peak conditions, T1 and T2 as pre-peak conditions, and T5
nd T6 as post-peak conditions, for all storms.

S1 and S2 were combined into the three sequences C1-3 (see Ta-
le 1), each started from the 1∕15 slope, while the beach profile after

each storm was the initial one of the following storm. In C1 the
repetition of the most energetic storm was tested, in order to measure
the effects of previous bed evolution on the same storm. Conversely, C2
and C3 tested the effects of storms of different energy levels alternating.
Note that no recovery occurred in between storms.

In this paper each sea state in a sequence is referred using the two
characters codes in a sequence, separated by ‘‘-’’, in which first the
sequence is indicated, then a number from 1 to 3 is used to identify
the position of the storm in the sequence, followed by the codes for the
storm and that of the sea state. For example, C3-2-S2-T4, indicates sea
state T4 of the storm S2 that was second in the sequence C3.

2.3. Considerations on scale effects in the experiments

Although the ICODEP experiments are not meant to reproduce the
aforementioned storms discussed in Dissanayake et al. (2015b), this
reference case allows to estimate possible scale and model effects in
the experiments. By using the maximum 𝐻𝑚0 measured during the
5th December 2013 storm (storm D1 in Dissanayake et al., 2015b), to
obtain the prototype 𝐻𝑚0, and the maximum 𝐻𝑚0 of S2, to scale
lengths in the model, we obtain the scaling factor for lengths 𝜆𝐻 =
𝐻𝑚0,𝑝𝑟∕𝐻𝑚0,𝑚 = 6.25, where the subscripts 𝑝𝑟 and 𝑚 indicate prototype
and model, respectively. The scaling factor for time (𝑡) according
to the Froude scaling laws (𝜆𝑡 = 𝑡𝑝𝑟∕𝑡𝑚) is 𝜆𝑡 = 𝜆0.5𝐻 = 2.5. The
3

focus of the experiment was on the peak of the storm, during which o
Table 1
Storms order and initial bed conditions for the three sequences.

Sequence Position Storm profile Initial beach profile

C1
1 S2 1∕15 slope
2 S2 As evolved due to previous S2
3 S2 As evolved due to previous S2

C2
1 S2 1∕15 slope
2 S1 As evolved due to previous S2
3 S2 As evolved due to previous S1

C3
1 S1 1∕15 slope
2 S2 As evolved due to previous S1
3 S1 As evolved due to previous S2

larger overtopping events are expected. The duration of each sea state
(𝐷𝑇 = 32 min) was decided in order to generate a number of waves
uitable to provide reliable estimates of wave overtopping, following
omano et al. (2015). This resulted in simulating about 8 hours at
rototype scale for each individual storm. In the present work we
imed at analysing the performance of the seawall as flood protection.
herefore, in the laboratory, longer waves with respect to those in
he field were generated, compatibly with the wave generation system
f the facility. While in the 5th December 2013 storm, waves with
teepness (estimated using the linear theory) 𝐻𝑚0∕𝑔𝑇 2

𝑝 = 𝑂(0.006),
here 𝑔 = 9.81 m/s2 is the acceleration of gravity and 𝑇𝑝 is the peak
eriod of the sea state, dissipated their energy through breaking on a
nprotected sandy beach (𝐷50 in the range 0.1 − 0.3 mm, slope about
∕66), in the laboratory 𝐻𝑚0∕𝑔𝑇 2

𝑝 = 𝑂(0.004). Concerning the scaling
f sediment transport processes, the correct scaling of the mobility
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Fig. 2. Three-dimensional view of the tested seawall with the instruments installed.
parameter, which controls erosional processes, leads to the scaling
factor for 𝐷50 is 𝜆𝐷50

= 𝐷50,𝑝𝑟∕𝐷50,𝑚 = 𝜆𝐻𝜆𝑓𝑏 , where not only the
geometrical scaling factor 𝜆𝐻 is considered, but also the scale of the
bottom friction factor (𝑓𝑏), i.e., 𝜆𝑓𝑏 = 𝑓𝑏,𝑝𝑟∕𝑓𝑏,𝑚 (Van Rijn et al., 2011).
When simulating storm conditions in the laboratory, as in the present
case, the bedforms that develop are different from those in the proto-
type; in the field under stormy waves, usually, small scale bedforms,
such as ripples, are not present, with 𝑓𝑏,𝑝𝑟 = 𝑂(0.01). On the contrary,
these appear in the laboratory, leading to a much larger model friction
factor: 𝑓𝑏,𝑚 = 𝑂(0.05). As a result of these values, 𝜆𝑓𝑏 is generally
smaller than 1 (Van Rijn et al., 2011). In the present case this leads
to 𝜆𝐷50

= 1.25 considering the indicative 𝜆𝐻 = 6.25. This behaviour
is therefore favourable for modelling purposes, since it allows to the
use of coarser model sediments, compared to the ones that would be
obtained just considering the geometrical scale. In the present case, we
have 𝐷50,𝑚 = 0.3 mm. By applying 𝜆𝐷50

= 1.25, 𝐷50,𝑝𝑟 = 0.24 mm, which
means that the present results are valid for medium-fine sand.

2.4. Measurement equipment

2.4.1. Free surface measurements
The measurement of the free surface was carried out using 14

resistive wave gauges (WGs) and 7 ultrasonic wave gauges (USs). The
positions of these instruments are shown in Fig. 1. An array of four WGs
(WGs 01 to 04) was located at 𝑥 = 50.0 m and it was used to compute the
actual incident wave conditions using the Mansard and Funke (1980)
method at the paddle. A second array of 4 WGs (WGs 05 to 08) was
located at the toe of the beach starting from 𝑥 = 160 m, WGs 05 to
4

07 were used to compute the actual incident wave conditions at the
toe of the beach. The results of both arrays are shown in Tables 2, 3,
and 4. Note that the nominal 𝐻𝑚0 was always higher than the realised
incident 𝐻𝑚0 (𝐻𝑚0,𝑖). The reflection analysis shows that the incident
spectral wave conditions did not change significantly on the horizontal
portion of the flume, which was expected. Along the beach, WGs 08
to 14 were located in the shoaling and surf zones, while all seven USs
were close to the structure. Note that US 1 and US 2 were co-located
with WGs 10 and 11, respectively. It should be noted that WG 14 did
not function properly during the experiments and it is not included in
the analyses presented here.

An additional source of data for the free surface comes from one of
the eight pore pressure sensors (PPSs) installed in the beach close to the
toe of the structure. Four of these sensors (PPS 01 to 04) were installed
along an horizontal array, always buried in the beach, while PPS 05 to
08 were located on a quasi-vertical array on the structure (see Fig. 2).
These latter four sensors were unburied when erosion developed. In
particular, it was observed in a series of preliminary tests that PPS 08
was exposed after just a few waves when erosion started.

2.4.2. Wave Overtopping measurements
A gravimetric overtopping tank with volume of 1.40 m3 approx-

imately was used to collect the overtopping water. The mechanism
consisted of two tanks (inner and outer) and a connection to the crest
of the wall by means of one or two chutes, depending on the SWL. The
inner tank was placed on four force transducers (the positions of which
are indicated in the additionally provided spreadsheet) that measured
its weight during the tests. The outer tank provided a dry area around
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Fig. 3. Characteristics of the simulated storms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 2
Target and incident wave conditions in sequence C1.

Test definition Target at paddle Actual at paddle Actual at beach toe

Test code 𝐷𝑇 (min) SWL (m) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s)

C1-1-S2-T1 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
C1-1-S2-T2 32 4.6 0.72 4.2 0.69 4.20 0.69 4.20
C1-1-S2-T3 32 5.06 0.8 4.5 0.77 4.43 0.77 4.55
C1-1-S2-T4 32 5.06 0.75 4.3 0.70 4.31 0.70 4.31
C1-1-S2-T5 32 4.6 0.69 4.1 0.66 4.20 0.66 4.20
C1-1-S2-T6 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
C1-2-S2-T1 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
C1-2-S2-T2 32 4.6 0.72 4.2 0.69 4.20 0.69 4.20
C1-2-S2-T3 32 5.06 0.8 4.5 0.78 4.43 0.78 4.43
C1-2-S2-T4 32 5.06 0.75 4.3 0.73 4.31 0.73 4.31
C1-2-S2-T5 32 4.6 0.69 4.1 0.66 4.00 0.66 4.00
C1-2-S2-T6 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
C1-3-S2-T1 32 4.6 0.64 3.9 0.62 4.00 0.62 4.00
C1-3-S2-T2 32 4.6 0.72 4.2 0.69 4.20 0.69 4.20
C1-3-S2-T3 32 5.06 0.8 4.5 0.79 4.43 0.79 4.43
C1-3-S2-T4 32 5.06 0.75 4.3 0.72 4.31 0.72 4.31
C1-3-S2-T5 32 4.6 0.69 4.1 0.66 4.20 0.66 4.00
C1-3-S2-T6 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
the inner tank to put the sensors. Also, a pumping system was used
to pump away the collected water during the experiments. This was
activated manually, with the trigger signal of the pump being recorded
to identify the intervals of usage. The chute (0.34 m wide) was placed
at the inner edge of the crest of the middle of the wall, connecting the
structure and the inner tank. The number of chutes used depended on
the water level. During low SWL conditions, two chutes were used, as
opposed to high SWL ones, in which only one was used (with the only
exception of C2-1-S2-T3 in which two chutes were used).

A pressure transducer (PS 07) was installed at the crest of the
sloping wall, in the central chute, in order to make an estimation of the
5

number of wave overtopping events. Furthermore, two synchronised
video cameras recorded the overtopping events. The first camera was
located at 𝑥 = 225.0 m, at the level of the aisle along the flume, and the
second one located close to the roof, at 𝑥 = 238.0 m. Finally, in order to
avoid problems due to the presence of the top beam of the structure, a
plywood panel was installed on top of the beam that directed the entire
overtopping volume within the chute.

2.4.3. Beach profile measurements
The beach profiles were obtained by a combination of data gathered

by a mechanical wheel profiler, a Sick LMS291-S14 two-dimensional
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Table 3
Target and incident wave conditions in sequence C2.

Test definition Target at paddle Actual at paddle Actual at beach toe

Test code 𝐷𝑇 (min) SWL (m) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s)

C2-1-S2-T1a 6 4.6 0.64 3.9 0.61 3.72 0.61 3.72
C2-1-S2-T1b 26 4.6 0.64 3.9 0.62 3.90 0.62 3.90
C2-1-S2-T2 32 4.6 0.72 4.2 0.69 4.20 0.69 4.20
C2-1-S2-T3 32 5.06 0.8 4.5 0.78 4.43 0.78 4.43
C2-1-S2-T4 32 5.06 0.75 4.3 0.73 4.31 0.73 4.31
C2-1-S2-T5 32 4.6 0.69 4.1 0.66 4.20 0.66 4.00
C2-1-S2-T6 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
C2-2-S1-T1 32 4.6 0.51 3.4 0.49 3.49 0.49 3.49
C2-2-S1-T2 16 4.6 0.58 3.7 0.55 3.56 0.55 3.56
C2-2-S1-T2 16 4.6 0.58 3.7 0.54 3.81 0.54 3.64
C2-2-S1-T3 16 5.06 0.64 3.9 0.64 4.00 0.64 3.81
C2-2-S1-T3 16 5.06 0.64 3.9 0.60 3.81 0.60 3.81
C2-2-S1-T4 32 5.06 0.6 3.7 0.58 3.64 0.58 3.72
C2-2-S1-T5 32 4.6 0.55 3.6 0.53 3.49 0.53 3.64
C2-2-S1-T6 32 4.6 0.51 3.4 0.48 3.28 0.48 3.41
C2-3-S2-T1 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
C2-3-S2-T2 32 4.6 0.72 4.2 0.69 4.20 0.69 4.20
C2-3-S2-T3 32 5.06 0.8 4.5 0.78 4.43 0.78 4.43
C2-3-S2-T4 32 5.06 0.75 4.3 0.73 4.31 0.73 4.31
C2-3-S2-T5 32 4.6 0.69 4.1 0.66 4.20 0.66 4.00
C2-3-S2-T6 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
Table 4
Target and incident wave conditions in sequence C3.

Test definition Target at paddle Actual at paddle Actual at beach toe

Test code 𝐷𝑇 (min) SWL (m) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s) 𝐻𝑚0,𝑖 (m) 𝑇𝑝 (s)

C3-1-S1-T1 32 4.6 0.51 3.4 0.49 3.49 0.49 3.49
C3-1-S1-T2 32 4.6 0.58 3.7 0.55 3.56 0.55 3.56
C3-1-S1-T3 32 5.06 0.64 3.9 0.62 4.00 0.62 3.81
C3-1-S1-T4 32 5.06 0.6 3.7 0.58 3.64 0.58 3.72
C3-1-S1-T5 32 4.6 0.55 3.6 0.53 3.49 0.53 3.64
C3-1-S1-T6 32 4.6 0.51 3.4 0.49 3.49 0.49 3.49
C3-2-S2-T1 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
C3-2-S2-T2 32 4.6 0.72 4.2 0.69 4.20 0.69 4.20
C3-2-S2-T3 32 5.06 0.8 4.5 0.78 4.43 0.78 4.43
C3-2-S2-T4 32 5.06 0.75 4.3 0.72 4.31 0.72 4.31
C3-2-S2-T5 32 4.6 0.69 4.1 0.66 4.20 0.66 4.00
C3-2-S2-T6 32 4.6 0.64 3.9 0.61 4.00 0.61 4.00
C3-3-S1-T1 32 4.6 0.51 3.4 0.49 3.49 0.49 3.34
C3-3-S1-T2 32 4.6 0.58 3.7 0.55 3.56 0.55 3.56
C3-3-S1-T3 32 5.06 0.64 3.9 0.62 3.81 0.62 3.81
C3-3-S1-T4 32 5.06 0.6 3.7 0.58 3.64 0.58 3.72
C3-3-S1-T5 32 4.6 0.55 3.6 0.53 3.49 0.53 3.64
C3-3-S1-T6 32 4.6 0.51 3.4 0.49 3.49 0.49 3.49
a

time of flight laser scanner (2D-LS hereinafter), and a Faro Focus
20/120 three-dimensional laser scanner (3D-LS hereinafter). The me-
chanical beach profiler was run to measure the initial planar slope and
the profile after each test, from 𝑥 = 100.0 m up to about 𝑥 = 240.3 m,
with a spatial resolution of 𝛥𝑥 = 0.25 m. Point clouds of the bottom
were obtained using the 3D-LS, which was moved at three measuring
stations along the flume (see upper panel of Fig. 1). The resolution of
the point clouds was 𝑂(0.01 mm). 3D reconstructions of the entire sandy
bottom (𝑥 > 190.0 m) were obtained both at the beginning and at the
end of each storm sequence, when the flume was drained before beach
reshaping. Additional 3D-LS measurements of the region close to the
wall, 231.5 m < 𝑥 < 241.0 m, were obtained in dry conditions in the
upper part of the beach. In particular, the beach profile was extracted
from the 3D point cloud by spanwise averaging the points gathered
along a central stripe, 2.49 m < 𝑦 < 2.51 m. 2D-LS measurements
running continuously during each test provided information on the
foreshore evolution in proximity of the wall. Its measuring range was
228.5 m < 𝑥 < 243.5 m. Due to physical constraints, the mechanical
wheel profiler could not reach the toe of the wall, located at about
𝑥 = 240.9 m. The data on the near-wall bed profile obtained by the
3D scanner, for the initial condition and at the end of sea states T2,
T4 and T6 were used to complete the beach profile for the last 60 cm.
6

For sea states T1 and T5 the data of the 2D-LS were used for the same
purpose. Due to the presence of water, it was not possible to have data
on the bottom morphology at the toe of the wall at the end of all the sea
states T3, in high SWL conditions, and for some of the T5 sea states,
as the scour was flooded notwithstanding the fact that the SWL was
lowered. The complete beach profiles were then obtained by joining
the offshore part of the wheel profiler data and onshore part of the
3D/2D scanners data. More details on the profiles data processing can
be found in Mukhdiar (2017). Finally, the scour evolution was also
monitored by the same video camera used for wave overtopping. To
this end, four rulers were attached to the sloping wall, in order to have
a visual reference of the scour depth.

2.4.4. Other instruments
Other sets of instruments were installed to measure forces and

pressures on the wall, sediment transport, and flow velocity in the
surf zone and close to the wall. Since the focus of this paper is wave
overtopping, these are only mentioned here and shown in Fig. 2 for
completeness, the reader is referred to Briganti et al. (2018) for more
details. In order to measure pressures on the wall, an array of six PSs (1
to 6) was installed and forces were measured on the wall using a plate
t which 5 load cells were connected. Additionally, sediment transport
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was measured by two Acoustic Backscattering Sensors (ABS), and four
Acoustic Doppler Velocimeters (ADVs) were used to measure local flow
velocity, these were located along the whole active part of the beach.

3. Results and discussion

3.1. Foreshore evolution

The foreshore evolution is studied by analysing the bed change after
each segment 𝑇 with respect to the initial bed profile 𝛥𝑧𝑏 = 𝑧𝑏(𝑡𝑒,𝑠) −
𝑧𝑏(𝑡0), where 𝑧𝑏 is the bed level from the bottom of the flume, (𝑡𝑒,𝑠) is
he end time of each sea state (𝑠 = 1, 2,… , 6) and 𝑡0 is the start time
f each sequence, when the beach had its 1∕15 slope. The intra-storm
volution of the bed is qualitatively similar in all cases. Fig. 4 shows 𝛥𝑧𝑏
or the first storm of C1 (namely C1-1-S2) as an example. At the start
f the sequence, during T1, a bar started developing and grew in the
ubsequent sea states. At the same time erosion developed in the region
etween the bar and the wall, approximatively between 𝑥 = 230.0 m
nd 𝑥 = 240.86 m. The evolution close to the structure is more complex
s accretion occurred during the first storm of the sequence. During T2
he bar grew and migrated offshore, while the erosion of the region
etween the bar and the structure increased.

During peak conditions significant erosion developed near the toe
f the structure. Also, it appears that partial backfilling occurred and
𝑧𝑏 reached almost zero around 𝑥 = 236.0 m during T4. The backfilling
n this region reversed to erosion in the subsequent T5, while partial
illing of the scour at the toe of the seawall and continued in T6.

The second storm of the sequence (C1-2-S2) started from a barred
each configuration. The bar continued to grow, as shown in Fig. 5.
𝑧𝑏 is negative overall close to the structure. However, during peak
onditions, the evolution of the region between the bar and the seawall
s more complex, with deposition occurring just offshore the scour area.

Fig. 6 shows the initial and final profile for the three sequences
ogether with the range of 𝑧𝑏 reached. Results are consistent across all
hree sequences and the evolution of the beach is described by dividing
t into four zones. Zone 1 is the ripple region extending approximatively
rom 𝑥 = 200.0 m to 𝑥 = 217.0 m. Zone 2 is the bar region extending
pproximatively from 𝑥 = 217.0 m to 𝑥 = 230.0 m in C1 and C3; here the
ar formed and migrated offshore during each sequence. The boundary
etween Zone 2 and 3 is a pivot around which the beach rotated. Zone 3
s characterised by overall erosion with respect to the initial profile, as
he figure shows. However, in Zone 3 backfilling occurred at high SWL
onditions as shown in Fig. 5; this could be large enough to establish a
econdary bar above the original profile as the results for C1 (panel 𝑎
f Fig. 6) show. The slope of Zone 3 was milder than the original 1∕15

and appeared to be almost zero in the upper part of this region in all
sequences. This ‘‘terrace’’ formed at the position of the initial shoreline
at the lower SWL. This is considered as the boundary with Zone 4. Here
both swash motion and scour had an important role in modelling the
beach.

3.2. Spatial and time wave height evolution

The total (incident plus reflected) 𝐻𝑚0 along the flume was com-
puted using the signals recorded by the resistive and the acoustic
wave gauges when available. Because of the intense wave breaking,
and consequent presence of two-phase flow, spikes due to bubbles and
spray were present. These were removed using the procedure proposed
by Mori et al. (2007), originally developed for ADVs. However, even
after de-spiking, the signal was still corrupted in some time series.
These data were disregarded. As a result of this preliminary data
vetting, only a few time series from the acoustic wave gauges are
available for the T3 and T4 sea states, while the coverage of pre- and
post-peak conditions is much more consistent. In peak conditions the
signal from PPS 8 (𝑥 = 240.84 m 𝑧 = 4.805 m) was used to obtain the
time series of the free surface. The vertical array of PPSs from 5 to 8
7

was initially buried at the beginning of the sequence but was rapidly
uncovered during erosive conditions. In particular, PPS 08 was rapidly
exposed after a few waves, hence it was used for obtaining information
on the waves near the toe of the structure without considering the
attenuation of the soil. Since the elevation of PPS 08 from the bed level
during the test is unknown, and shallow water conditions are met at
the toe of the structure, the hydrostatic assumption is used to provide
the position of the free surface from the pressure signal using the well
known relationship: 𝜂 = 𝛥𝑝∕(𝜌𝑔), where 𝛥𝑝 is the differential pressure
measurement, 𝜌 = 1000 kg/m3 is the water density.

The low frequency portion of the wave energy density spectrum
during the experiments has an important role in wave overtopping,
therefore it is studied here. The low frequency waves in the experiments
comprise bound incident waves, free low-frequency wave reflected by
the beach, and free long waves reflected at the paddle and not fully
absorbed by the active absorption system. All these contributions are
not untangled here, and the same procedure as in Romano et al. (2015)
is followed to separate the low frequency waves as a whole from the
total recorded spectrum. The significant wave height was computed for
the range of frequencies lower than those of the JONSWAP spectrum
generated, i.e., for spectral components lower than a threshold value
for the frequency 𝑓 . By analysing the generated spectra the value 𝑓 =
0.15 Hz was determined for the separation. The significant wave height
computed for 𝑓 < 0.15 Hz is referred to as 𝐻𝑚0,𝑙𝑜𝑤. It is determined
from WGs in pre- and post-peak conditions and using PPS 08 in peak
ones. The significant wave height computed from the whole signal is
simply referred as 𝐻𝑚0 (from WGs and USs in pre-post peak conditions
and from PPS 08 in peak ones).

Note that the co-located USs and WGs give slightly different 𝐻𝑚0,
with the acoustic sensors providing slightly higher values. A typical
evolution of 𝐻𝑚0 during the six segments of a storm is shown in
Fig. 7 for storm C1-1-S2. The figure shows that for pre- and post-peak
conditions waves break on the bar and 𝐻𝑚0 decays up to the structure
toe. In these conditions low-frequency waves are energetic in the region
between the bar and the structure, particularly close to the wall, and
they are the dominant drivers in the inner surf zone as shown by US 6
and 7 (𝑥 = 239.28 m 𝑥 = 240.38 m respectively) in Figs. 8 and 9.

For the peak conditions, wave breaking and wave reflection domi-
nate wave propagation. 𝐻𝑚0 decays on the bar, as shown by WG 12 (𝑥 =
225.88 m) and 13 (𝑥 = 230.88 m) in Figs. 8 and 9. However, waves retain
a significant amount of energy at the structure toe (e.g., 𝐻𝑚0,𝑝 = 0.5 m
in C1-1-S2-T3). The initial bed configuration influences 𝐻𝑚0 along the
beach, in both high and low SWL conditions. Examples of the latter
cases are shown in Figs. 8 and Fig. 9; these figures show the variation
of 𝐻𝑚0 along the beach for T1 for S1 and S2 when the storms start from
1∕15 slope and from barred beach configurations. The development
of the bar shifts the onset of breaking offshore; at the same time the
inshore erosion and flattening of the beach generates an increase of
the 𝐻𝑚0 close to the structure. These two simultaneous processes are
quantified in Fig. 10 for all the low SWL sea states. Here 𝐻𝑚0 and
𝐻𝑚0,𝑙𝑜𝑤 at the bar and the toe of the structure for the same storm at
different positions in the sequence are shown. The signal at WG 12 is
used for computing the significant wave height at the bar, while all
the valid measurements at US 6 and PPS 8 are used to quantify 𝐻𝑚0
and 𝐻𝑚0,𝑙𝑜𝑤 at the toe of the structure. The bar attenuates 𝐻𝑚0 at WG
12 with respect to the plane slope configuration, as shown in Fig. 10
(panel 𝑎). This effect is more pronounced in pre-, than in post-peak
conditions. 𝐻𝑚0,𝑙𝑜𝑤 is affected by the initial beach configuration only
in peak conditions, as shown in panel 𝑏 of Fig. 10. At the toe of the
structure there is an increase of 𝐻𝑚0 and 𝐻𝑚0,𝑙𝑜𝑤 for most of the storms
(Fig. 10, panels 𝑐, 𝑑). This is the effect of the erosion in Zones 3 and
4. Only in one case 𝐻𝑚0 is lower for the second storm than that of the
first. This is because, for this particular sea state, the erosion close to
the structure is small, hence the dissipation on the bar is effective in
reducing the wave height. As shown in the comparison between panel 𝑐
and 𝑑 of Fig. 10, in pre- and post-peak conditions 𝐻𝑚0,𝑙𝑜𝑤 and 𝐻𝑚0 have
nearly the same value, indicating that low frequencies dominate wave
conditions at the toe and, in turn, wave overtopping at the seawall.
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Fig. 4. 𝛥𝑧𝑏 for each sea state of the storm C1-1-S2. From top to bottom: segment T1 to segment T6. Red: accretion, blue: erosion. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
3.3. Wave Overtopping

3.3.1. Overtopping parameters computation
The weight of the water collected by the chutes into the tank

was recorded by four load cells during each test. The sum of the
measurement by each load cell gave the total weight of overtopping
water. The instantaneous volume of water is obtained by dividing the
weight by 𝜌𝑔. The data were smoothed using a moving average filter
with a window size equal to the nominal wave peak period 𝑇𝑝 of
each experiment. The pumping system in the overtopping tank was
not activated during low SWL conditions when only a few waves were
overtopping. Conversely, the pump was manually activated to avoid
overfilling of the overtopping tank during high SWL conditions. An
example of wave overtopping data for a high SWL condition is shown
in Fig. 11. Note that the trigger function is defined between 0 and 1,
and the square waves identify the intervals during which the pump
8

was activated, although in the raw signal oscillations around 0 occured
when the pump was not active. As seen in the figure, almost all waves
were overtopping and it was necessary to activate the pump multiple
times in these conditions (typically 3 to 5 times per sea state). The pump
discharge was calibrated in a dedicated set of tests.

The mean overtopping discharge for each segment 𝑞 is computed
following the methodology shown in Appendix. Note that here, only
results using Eq. (A.2) are shown.

The number of overtopping events for each segment (𝑁𝑜𝑣) is an im-
portant parameter in assessing overtopping. This was evaluated using
the pressure transducer installed in the chute 𝑃𝑆 7, in conjunction with
the overtopping tank measurements and the video cameras records. The
ratio between 𝑁𝑜𝑣 and the number of incident waves obtained by zero-
crossing analysis of the incident wave time series calculated using WG
1 − 4 is the percentage of overtopping (𝑃𝑜𝑣). Other authors (e.g. Chen
et al., 2016) use the incident time series at the toe of the structure.
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Fig. 5. 𝛥𝑧𝑏 for each sea state of the storm C1-2-S2. From top to bottom: segment T1 to segment T6. Red: accretion, blue: erosion. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
However, in this case, intense wave breaking on the foreshore makes
the computation of the incident time series with the traditional three
gauges waves not accurate. Alternatively numerical methods could be
used, but this is beyond the scope of the present paper. Tables 5, 6,
7 show 𝑞, 𝑁𝑜𝑣 and 𝑃𝑜𝑣 for all sea states tested in sequence C1, C2,
and C3 respectively. The individual overtopping volumes data from the
measurement is used for further analysis of the overtopping volume
distribution. To this end, the time series of overtopping volumes in the
tank, together with the overtopping events record from PS 07, were
used. The computation was carried out only when the pumps were not
activated to avoid inaccuracy due to the presence of the outgoing flow.
Only peak conditions were considered. Fig. 13 shows the example of the
procedure used for determining the individual overtopping volumes.
More details on the overtopping data processing can be found in Akbar
(2017).
9

3.3.2. Overtopping rates
Fig. 12 shows 𝑞 for the three sequences of storms; pre-peak, peak,

and post-peak conditions are highlighted in different colours. Note that,
for pre- and post-peak conditions overtopping is always caused by only
a few waves and it is always three orders of magnitude lower than
peak conditions. The first T1 for each sequence, i.e., that with a 1∕15
slope as initial configuration, has always no measurable overtopping.
In subsequent storms of the sequences, T1 shows some overtopping, for
both S1 and S2. In C1, in which S2 is repeated three times, for pre-peak
conditions, 𝑞 increases with the position within the sequence. These
results show that 𝑞 varies significantly with the initial configuration
of the beach for a given set of hydrodynamic forcing in low SWL.
For example in C1-1-S2-T1 no wave was overtopping, while in C1-
3-S2-T1 it was measured 𝑞 = 0.024 l/s/m and 𝑃𝑜𝑣 = 4.54%. Similar
considerations apply to the post peak results for 𝑞 (in green in Fig. 12).
The variability of 𝑞 with the initial conditions for the beach is better
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Fig. 6. Zones of the beach evolution for sequence. Blue line: initial profile, red line:
end profile. The blue shaded area is the range of the bed level at each position. (𝑎)
C1 (𝑏) C2, (𝑐) C3. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

shown in peak conditions (in blue in Fig. 12). In sequence C1, there
is a slight monotonic increase in 𝑞 within the whole sequence. More
importantly, in C2, the peak of the second storm (S1), although of lower
energy, shows nearly the same 𝑞 as the previous S2. If compared with
the results of storm S1 as first of sequence C3, the peak of storm S1 as
10
Table 5
Wave overtopping parameters 𝑞, 𝑁𝑜𝑣, and 𝑃𝑜𝑣 for sequence C1.
Test code 𝑞 (l/s/m) 𝑁𝑜𝑣 (–) 𝑃𝑜𝑣 (%)

C1-1-S2-T1 0.000 0 0
C1-1-S2-T2 0.009 4 0.85
C1-1-S2-T3 9.47 380 84.82
C1-1-S2-T4 7.86 426 89.68
C1-1-S2-T5 0.008 14 2.86
C1-1-S2-T6 0.004 8 1.59
C1-2-S2-T1 0.001 7 1.38
C1-2-S2-T2 0.009 13 2.78
C1-2-S2-T3 11.33 410 92.76
C1-2-S2-T4 9.86 418 87.63
C1-2-S2-T5 0.019 28 5.70
C1-2-S2-T6 0.009 21 4.13
C1-3-S2-T1 0.006 23 4.54
C1-3-S2-T2 0.024 39 8.16
C1-3-S2-T3 11.84 397 89.41
C1-3-S2-T4 11.30 419 87.29
C1-3-S2-T5 0.020 45 9.15
C1-3-S2-T6 0.009 30 5.86

Table 6
Wave overtopping parameters 𝑞, 𝑁𝑜𝑣, and 𝑃𝑜𝑣 for sequence C2.
Test code 𝑞 (l/s/m) 𝑁𝑜𝑣 (–) 𝑃𝑜𝑣 (%)

C2-1-S2-T1 (a+b) 0.000 0 0.00
C2-1-S2-T2 0.011 4 0.85
C2-1-S2-T3 9.47 420 93.96
C2-1-S2-T4 7.86 430 90.34
C2-1-S2-T5 0.002 11 2.24
C2-1-S2-T6 0.003 8 1.60
C2-2-S1-T1 0.002 1 0.17
C2-2-S1-T2 0.003 3 0.56
C2-2-S1-T3 8.45 451 89.13
C2-2-S1-T4 6.36 442 80.51
C2-2-S1-T5 0.006 5 0.89
C2-2-S1-T6 0.001 3 0.52
C2-3-S2-T1 0.006 10 1.97
C2-3-S2-T2 0.011 13 2.75
C2-3-S2-T3 11.23 415 93.89
C2-3-S2-T4 8.93 438 91.63
C2-3-S2-T5 0.013 18 3.66
C2-3-S2-T6 0.007 13 2.54

Table 7
Wave overtopping parameters 𝑞, 𝑁𝑜𝑣, and 𝑃𝑜𝑣 for sequence C3.
Test code 𝑞 (l/s/m) 𝑁𝑜𝑣 (–) 𝑃𝑜𝑣 (%)

C3-1-S1-T1 0.000 0 0
C3-1-S1-T2 0.002 1 0.18
C3-1-S1-T3 5.31 442 87.35
C3-1-S1-T4 3.97 464 85.14
C3-1-S1-T5 0.001 3 0.54
C3-1-S1-T6 0.000 0 0
C3-2-S2-T1 0.002 3 0.59
C3-2-S2-T2 0.007 7 1.49
C3-2-S2-T3 10.40 423 94.84
C3-2-S2-T4 9.31 440 93.02
C3-2-S2-T5 0.008 16 3.27
C3-2-S2-T6 0.003 6 1.19
C3-3-S1-T1 0.003 5 0.85
C3-3-S1-T2 0.005 8 1.47
C3-3-S1-T3 10.31 464 91.34
C3-3-S1-T4 8.64 461 83.97
C3-3-S1-T5 0.001 5 0.89
C3-3-S1-T6 0.001 2 0.34

second storm of sequence C2 shows a much higher 𝑞. For C2-2-S1-T3
𝑞 = 8.45 l/s/m compared to 𝑞 = 5.31 l/s/m for C3-1-S1-T3. Consistently,
in C3, 𝑞 for storm S1 as third storm in the sequence, nearly doubles with
respect to 𝑞 for storm S1 as first.

The cumulative overtopping volume per unit width for each storm
(𝑉𝑡𝑜𝑡) is computed in time over the six segments of 32 min that form
each S. This parameter indicates the cumulative overtopping for a
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Fig. 7. Evolution of 𝐻𝑚0 and 𝐻𝑚0,𝑝 during the storm C1-1-S2 in all six sea states. From top to bottom: segment T1 to segment T6. Solid markers: total 𝐻𝑚0 and 𝐻𝑚0,𝑝. Blank
markers: 𝐻𝑚0,𝑙𝑜𝑤. Blue diamonds: measurements from WGs, red circles: measurements from US, black circles: measurements from PPS 8. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
storm, therefore, by comparing 𝑉𝑡𝑜𝑡 for the same storm type at different
positions in a sequence, i.e., for the same forcings, but different initial
beach profile, it is possible to quantify the effect of the initial foreshore
configuration on wave overtopping. For this purpose we define 𝑉𝑡𝑜𝑡,𝑖
(𝑖 = 1, 2, 3) to distinguish 𝑉 computed for the 𝑖-th storm of a sequence
11

𝑡𝑜𝑡
(e.g., 𝑉𝑡𝑜𝑡,2 indicates 𝑉𝑡𝑜𝑡 of the second storm in the sequence). Note
that C1-1-S2 is used as reference for S2 for 𝑉𝑡𝑜𝑡,1. Fig. 14 shows a
comparison between 𝑉𝑡𝑜𝑡 for a storm type tested as first in the sequence
(𝑉𝑡𝑜𝑡,1) with 𝑉𝑡𝑜𝑡 for the same storm either second or third in a sequence.
𝑉 increases in all cases for both storms starting at least second in
𝑡𝑜𝑡
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Fig. 8. (𝑎) Comparison of 𝐻𝑚0 during the sea state T1 for the storm C3-1-S1 (blue markers) and C3-3-S1 (black markers). Diamonds: 𝑊𝐺s, circles 𝑈𝑆s. Solid markers: total 𝐻𝑚0.
lank markers: 𝐻𝑚0,𝑙𝑜𝑤. (𝑏) Bottom profile, blue: at the end of C3-1-S1-T1, black: C3-3-S1-T1. (For interpretation of the references to colour in this figure legend, the reader is
eferred to the web version of this article.)
Fig. 9. (𝑎) Comparison of 𝐻𝑚0 and 𝐻𝑚0,𝑝 during the sea state T1 for the storm C1-1-S2 (blue markers) and C1-2-S2 (black markers). Diamonds: WGs, circles USs. Solid markers:
otal 𝐻𝑚0. Blank markers: 𝐻𝑚0,𝑙𝑜𝑤. (𝑏) Bottom profile, blue: at the end of C1-1-S2-T1, black: C1-2-S2-T1. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
i
the sequence. However, differences between storms S1 and S2 are
noteworthy. We introduce 𝛿𝑉𝑡𝑜𝑡 =

𝑉𝑡𝑜𝑡,𝑗−𝑉𝑡𝑜𝑡,1
𝑉𝑡𝑜𝑡,1

×100, where 𝑗 = 2, 3. 𝛿𝑉𝑡𝑜𝑡 is
he percentage variation of 𝑉𝑡𝑜𝑡 for the same storm between the value at

econd or third position in the sequence (𝑉𝑡𝑜𝑡,2 and 𝑉𝑡𝑜𝑡,3 respectively)

nd 𝑉𝑡𝑜𝑡,1, normalised with 𝑉𝑡𝑜𝑡,1. 𝛿𝑉𝑡𝑜𝑡 is higher for the weaker storm
12

ested than for the more energetic one. In fact, for storm C2-2-S1, 𝑉𝑡𝑜𝑡,2
s 59% higher than that of C3-1-S1, while for C3-3-S1, 𝑉𝑡𝑜𝑡,3 increases
by 104%. For S2; 𝛿𝑉𝑡𝑜𝑡 ranges between

3.4. Statistical distribution of overtopping volumes

The distribution of the individual overtopping volumes is studied

here for the peak sea states (T3 and T4). The Weibull distribution is
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Fig. 10. 𝐻𝑚0 and 𝐻𝑚0,𝑙𝑜𝑤 for the first storm in a sequence versus the corresponding storm in different positions in the sequence. Circles S2, diamonds S1. (𝑎) 𝐻𝑚0 at the bar (WG
12) (𝑏) 𝐻𝑚0,𝑙𝑜𝑤 at the bar (WG 12). (𝑐) 𝐻𝑚0 at the toe of the structure (US 6 or PPS 8), (𝑑) 𝐻𝑚0,𝑙𝑜𝑤 at the toe of the structure (US 6 or PPS 8). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Measured overtopping volume per unit length (blue line) and pump trigger (red line) for storm C1-1-S2-T4. (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. 12. 𝑞 for all sequences. (𝑎): C1, (𝑏): C2, (𝑐): C3. Red bars: pre-peak conditions (T1 and T2), blue bars: peak conditions (T3 and T4), green bars: post-peak conditions (T5 and
T6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Identification of overtopping events from the filtered signal of the cumulative overtopping volume per unit length (blue line) and PS 07 signal (red line) for storm
C1-1-S2-T4. (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. 14. (𝑎) 𝑉𝑡𝑜𝑡,2 and 𝑉𝑡𝑜𝑡,3 versus 𝑉𝑡𝑜𝑡,1 (𝑏) 𝛿𝑉𝑡𝑜𝑡 versus 𝑉𝑡𝑜𝑡,1. Red diamonds: S1, Black circles: S2. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
widely accepted for individual volumes (EurOtop, 2018) and it will
be used here. The probability (𝑃𝑣) that a certain overtopping volume
𝑉𝑖 is larger than a value 𝑉 is given by the two-parameter Weibull
distribution:

𝑃𝑣 = 𝑃 (𝑉𝑖 ≥ 𝑉 ) = exp
[

−
(𝑉
𝑎

)𝑏]

, (1)

where 𝑏 is a shape parameter and 𝑎 is the scale parameter. A relation-
ship between 𝑎 and 𝑏 is proposed in EurOtop (2018):

𝑎 = 1
𝛤 (1 + 𝑏)𝑉

, (2)

where 𝑉 is the average overtopping volume, defined as the ratio
between the total overtopping volume and the number of overtopping
events in one sea state, and 𝛤 indicates the Gamma function. As shown
in EurOtop (2007) and EurOtop (2018), a small 𝑏 value indicates that
most overtopping events will have low volume, with only a few large
ones. Conversely, a large 𝑏 indicates that there will be more large
overtopping volumes very similar in value. From the experiments, it is
found that 𝑏 increases with 𝑞 for the same storm starting from different
bed configurations, this positive correlation was also found in Zanuttigh
et al. (2013). Also 𝑎 follows a very similar behaviour. Fig. 15 shows two
examples for selected sea states of C1 and C3 in order to highlight the
influence of the position in the sequence on 𝑏. Using the classic Weibull
plots, the empirical distribution of volumes are fitted to Eq. (1) to find
𝑏 and 𝑎 using Eq. (2). Panel 𝑎 of Fig. 15 shows T3 for the three S2 in
the sequence. 𝑏 is determined by fitting the distribution to the largest
volumes (e.g., ln (𝑉 ∕𝑉 ) > 0, as done in Zanuttigh et al. (2013). This
behaviour is consistent between the three repetition of S2 in C1 and
the two S1 in C3, as panel 𝑏 of Fig. 15 shows. The range of 𝑏 found
is 0.84–1.47. These values are higher than 𝑏 = 0.75 found for vertical
structures by Besley (1999), with most of them larger than 𝑏 = 0.85
used in EurOtop (2018). Those measurements were probably made for
limited overtopping discharge. With the very large overtopping the
shape factor will increase, like for the smooth and rubble mound 𝑏
in EurOtop (2018).

3.4.1. Role of the sequencing of storms on wave overtopping
Experimental results show that, for near-vertical structures at the

back of a beach, there is an increase in wave overtopping volume for
a storm that starts from an eroded barred beach configuration, rather
than a simple slope. In the storm sequences tested this increase is larger
for the less energetic storm in the sequence. When different stages of a
storm are analysed, the increase is clearer for high water levels than
15
Fig. 15. Fitting of overtopping volume distributions on a Weibull chart. Circles:
empirical probabilities, dashed lines: best fit. (𝑎) Comparison between C1-1-S2-T3
(black), C1-1-S2-T3 (red), and C1-3-S2-T3 (blue). (𝑏) Comparison between C3-1-S1-T3
(black) and C3-3-S1-T3 (blue). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

in the lower levels. Wave conditions at the toe of the structure are
always depth limited, hence the reason for the increase of the discharge
is found in the evolution of the beach, in particular in Zones 3 and 4
identified in Fig. 6. Here erosion (i.e., scour) increases the significant
wave height at the toe in the barred configuration with respect to the
initial simple slope configuration. Indeed, in the presence of the seawall
the material required to form the bar is claimed at the toe of the beach,
where a significant scour occurs. At the same time the bar growth in
Zone 2 produces an attenuation of the wave height due to breaking on
the bar. Therefore, there are two competing processes that determine
the wave height at the toe: one is enhanced dissipation induced by the
bar, the other is increased water depth at the toe due to the erosion.
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This latter appears to be dominant in these experiments when the same
offshore incident wave conditions are compared. This mechanism also
affects the distribution of overtopping volumes. These show that, when
𝑞 increases for the same storm, due to the changed bed configuration,
the average volume increases, as expected, and the range of volumes
decreases, with a higher probability of large individual volumes of
similar value. As a consequence, the impact of this behaviour on the
level of safety from flooding is in apparent contrast with what found
in natural beaches, where the presence of a bar mitigates the effect of
the storms.

The comparison of 𝑉𝑡𝑜𝑡 between the two storms for different starting
beach configuration (Fig. 14) summarises the findings of this work in
terms of the effect of the sequence of storms. Overall, the behaviour of
either storm S1 or S2 is qualitatively similar. In both cases the overtop-
ping is less if the storm is the first of the sequence, i.e., the initial beach
profile is linear, without a bar. Wave overtopping always increases
after a preceding storm, however this is more evident for S1 than S2.
In fact, whenever S1 occurs after S2, this produces nearly the same
overtopping of the preceding S2. However, the influence of the initial
conditions on overtopping decreased later in the sequence. This is due
to the stabilisation of the bed configuration. As a consequence, previous
storms may have less influence on the overtopping of subsequent ones,
where the beach is closer to an equilibrium profile.

4. Conclusions

This work presents and discusses the results of a series of large-scale
experiments on a near vertical 10∕1 seawall and sandy foreshore, aimed
at quantitatively investigating how wave overtopping is influenced by
sequences of erosive storms. The experimental results allow to quantify
the effect of the evolution of the 1∕15 benchmark foreshore, due to
equences of erosive sea states, on wave overtopping. This is best shown
y the change of 𝑉𝑡𝑜𝑡, 𝑁𝑜𝑣, and 𝑞 among storms in each sequence. 𝑉𝑡𝑜𝑡

increases with the lowering of the beach in front of the seawall by up
to 104%, due to the increase in 𝐻𝑚0. 𝑁𝑜𝑣 shows better the differences in
overtopping for pre- and post-peak conditions. For example, in Table 5,
it can be seen that 𝑁𝑜𝑣 for the T5 of the third S2 is three times 𝑁𝑜𝑣 of the
first. For the same segment 𝑞 increases by 2.5 times. A similar increase
is shown also for the less energetic storm S1, however 𝑞 is always of
𝑂(10−3) l/s/m. Therefore, these results indicate that the lowering of
the foreshore increases the level of overtopping, as expected. However,
this increase is more evident in cumulative quantities like 𝑉𝑡𝑜𝑡 rather
han in the overtopping rate because this stays within the same order
f magnitude during peak conditions. Future overtopping assessment
rocedures might focus on this quantity to assess the flooding poten-
ial of a storm in a sequence. The laboratory investigation presented
ere relies on relatively low steepness wave conditions and idealised
ombination of SWL and incident wave characteristics, which represent
imitations of the present study, together with scaling issues that are
lways present in mobile bed laboratory tests. Therefore, extensions
o steeper conditions and, possibly, to field observation, are highly
esirable. Nevertheless, the results on the quantification of the he
ole of the initial beach configuration on wave overtopping challenge
xisting predictive tools because of the role of initial beach profile is
ore evident from the total volume overtopped, rather than from the
agnitude of the overtopping rate, prompting the need to give more

elevance to cumulative quantities in wave overtopping prediction.
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ppendix. Overtopping discharge computation

Two approaches were used to compute the mean overtopping dis-
harge 𝑞 for the experiments. The first used the information from the
ump; the discharge pumped out was added to the discharge computed
sing the signal from the gravimetric tank, using the relationship:

=
(

𝑉𝑡(𝑡 = 𝑡𝑒𝑛𝑑 ) − 𝑉𝑡(𝑡 = 𝑡0)
𝑊𝑐𝑇𝑡𝑒𝑠𝑡

)

+
⎛

⎜

⎜

⎝

∑𝑁𝑝
𝑖=1 𝑞𝑝,𝑖𝑇𝑝𝑢𝑚𝑝,𝑖
𝑊𝑐𝑇𝑡𝑒𝑠𝑡

⎞

⎟

⎟

⎠

. (A.1)

Here 𝑉𝑡 is the volume of water in the tank, 𝑡 is time, 𝑡0 is the start
time of the test and 𝑡𝑒𝑛𝑑 the end time, 𝑇𝑡𝑒𝑠𝑡 = 𝑡𝑒𝑛𝑑 − 𝑡0 is the actual
test duration, 𝑊𝑐 is the width of the chutes used in each test. For the
pump, 𝑁𝑝 is the number of times that the pump was used in a test,
𝑞𝑝,𝑖 is the discharge of the pump in the 𝑖-th interval of usage, known
from the pump calibration curve. 𝑇𝑝𝑢𝑚𝑝,𝑖 is the duration of the interval
of usage. The second approach aimed to exclude any inaccuracy of the
pump discharge from the measurement by computing 𝑞 only over the
time when the pump was not working:

𝑞 =
⎛

⎜

⎜

⎝

∑𝑁𝑞
𝑖=1 𝛥𝑉𝑡,𝑖

∑𝑁𝑞
𝑖=1 𝑇𝑞,𝑖

⎞

⎟

⎟

⎠

1
𝑊𝑐

, (A.2)

here 𝑁𝑞 is the number of intervals within the test in which the pump
as not used, 𝛥𝑉𝑡,𝑖 is the difference in volume of water in the tank for

each interval, 𝑇𝑞,𝑖 is the duration of each of these intervals.
Comparison between the results obtained using Eq. (A.1) with those

obtained by Eq. (A.2), showed that the two methods used have a
maximum percentage difference of 13.11% for C1-2-S2-T3. In two tests,
(C2-1-S2-T3 and C2-1-S2-T4), only the initial part of the time series, in
which the pumps were not used, could be used, as the tanks overflew
during the tests even with pumping. This was due to the presence of
two chutes and prompted the reduction to one chute only in subsequent
high SWL tests. Given the small difference between the results of
Eq. (A.1) and (A.2) and the fact that the latter was applicable to all
cases, only the results obtained with Eq. (A.2) are used in this work.
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Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.oceaneng.2022.112024.
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