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Abstract: Design criteria for coastal defenses exposed to wave overtopping are usually assessed by
mean overtopping discharges and maximum individual overtopping volumes. However, it is often
difficult to give clear and precise limits of tolerable overtopping for all kinds of layouts. A few studies
analyzed the relationship between wave overtopping flows and hazard levels for people on sea dikes,
confirming that one single value of admissible mean discharge or individual overtopping volume is
not a sufficient indicator of the hazard, but detailed characterization of flow velocities and depths
is required. This work presents the results of an experimental campaign aiming at analyzing the
validity of the safety limits and design criteria for overtopping discharge applied to an urbanized
stretch of the Catalan coast, exposed to significant overtopping events every stormy season. The work
compares different safety criteria for pedestrians. The results prove that the safety of pedestrians on a
sea dike can be still guaranteed, even for overtopping volumes larger than 1,000 L/m. Sea storms
characterized by deep-water wave height between 3.6 and 4.5 m lead to overtopping flow depth
values larger than 1 m and flow velocities up to 20 m/s. However, pedestrian hazard is proved
to be linked to the combination of overtopping flow velocity and flow depth rather than to single
maximum values of one of these parameters. The use of stability curves to assess people’s stability
under overtopping waves is therefore advised.

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

1. Introduction

Wave overtopping assessment is a key procedure within the general design of any coastal defense.
The groundwork for the assessment of wave overtopping was laid by [1], who chose the average
discharge as a design value, stating that “there is no such thing as an absolute discharge: because
the wave heights and periods exhibit a random distribution about a given mean, the discharge will
also vary randomly”. Since [1], several experimental campaigns have been carried out worldwide,
leading to semi-empirical models, which are nowadays largely used for wave overtopping assessment
(e.g., [2-4]). Nevertheless, during the last few years, the increased storminess caused by climate
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change has raised concerns among researchers, engineers and decision-makers: is the average
overtopping an appropriate design criterion? Or are the biggest waves the ones that cause the major
damages and casualties? Allsop et al. [5] highlighted that tests on the effects of overtopping flows
on people indicate that the assessment of mean discharge is not enough to evaluate people’s safety;
the authors proposed maximum individual overtopping volumes as more suitable hazard indicators.
Limits for individual overtopping volumes together with tolerable mean discharges were proposed
in [5], related to overtopping velocities below 10 m/s. However, the authors suggested that lower
volumes may be required for violent overtopping processes with higher velocities. Therefore, it was
emphasized but not discussed further that other flow parameters might play an important role and
be linked to overtopping hazards, namely overtopping flow velocity and overtopping flow depth.
Generally speaking, “the character of overtopping flow hazards depends on geometries of the defence,
the hinterland and the form of overtopping” [5]. Several studies have been gathered and presented in
EurOtop [6], where finally a tolerable limit for maximum individual volumes equal to 600 L/m was
suggested, over which a single event cannot be tolerated by people (Table 1).

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

Hazard Type and Reason Mean Discharge, q (L/s/m) Maximum Individual Volume Vax (L/m)
Ps:;Srlteoi:)tpsiz;f:;l;:l;v::rgg:f l:;i:tﬁig:t No access for any predicted overtopping No access for any predicted overtopping
People at seawall/dike crest. Clear view of the sea. - -
Hyup=3m 0.3 600
Hyp=2m 1 600
Huyp=1m 10-20 600
Hyp<05m No limit No limit

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

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

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

2. Overtopping Flow Parameters and People Safety

Wave overtopping can be distinguished between smooth “green” overtopping flows and a highly
turbulent “white” overtopping flows. In [6], “green water” was defined as a wave overtopping
which runs up the face of the seawall and over the crest in a (relatively) continuous sheet of water.
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In contrast, ‘white water’ or spray overtopping tends to occur in cases of significant splashes, due to
heavy waves breaking on the seaward face of defense structures which produces non-continuous
overtopping and/or significant volumes of spray. The main parameters that are commonly employed
to characterize overtopping flows are the mean overtopping discharge, g, and the individual maximum
overtopping volume, V4. Plenty of semi-empirical models have been derived that allow quantifying
mean discharge values and depend on the kind of structure and hydraulic boundary conditions. Dikes
with gentle slope, namely between 1:7 and 1:2, are studied in [3,4,6,15,16]. Steeper slopes up to vertical
walls were analyzed in [17-20], where the last one includes cases of structures with emergent toe.
Goda [21] proposed a set of unified formulas for smooth impermeable sea dikes where new coefficients
were derived as a function of local water depth, foreshore slope and dike slope. The influence of the
foreshore slope for very and extremely shallow water conditions [22] was taken into account in [15] by
means of the equivalent slope concept. Similar to this, [20] employed an imaginary slope for wave
run-up and overtopping calculations. Other authors focused their attention on the characterization of
overtopping flow depths and velocities, such as [9,10,23,24].

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

1. Friction stability (F¢-F;)

_ Zpmgg
~ Cyp-B1

d1-mg-g
wd = Zw,Cd-pBl )

u?d

)

2. Momentum stability (M;-M;s)

where

u = flow velocity (m/s);

d = flow depth (m);

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

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

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

Cy4 = drag coefficient (-)

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

mg = subject’s mass (kg)

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

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

Hep 029 @
Hp 024t Fr

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

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

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

X

da9, = Capoy (Rutgy, — Re)exp (_Cc'dgc) "’
x

Uy, = Cyp9 (Rugo, — RC)exp(_Cc'u%) 5

where dy9, is the overtopping flow depth on the dike crest, u,9, is the overtopping flow velocity on the
dike crest, x. is the streamwise coordinate on the dike crest, u is the bottom friction coefficient, Ru,o, is
the wave run-up, R, is the crest freeboard respect to the still water level (Figure 1). The subscript 2%
refers to quantities exceeded by 2% of the number of the incident waves. The coefficients cg29,, 429,
Cc4, and ¢, are empirical coefficients, and the values can vary according to the literature. For run-up
assessment, formulas are here omitted for sake of simplicity. The reader can refer, for example, to [6].

v
’
d

R Ru2%

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

Instead, Hughes [24] established empirical relationships between individual overtopping wave
volumes and the maximum velocity, maximum flow depth and individual discharge, based on data for
1:3 and 1:6 dike slopes:
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In this case, u and d refer to the maximum velocity and depth on the dike crest, respectively.
The dike slope and the wave period are included in the relationship, but most important there is a
direct link with the individual overtopping volume. This was also confirmed by [27], who derived
expressions for overtopping flow parameters analytically based on wave momentum flux, in analogy
with [28].

4. Case of Study

4.1. Site Description and Model Geometry

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

YAlélla Parc

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

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

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

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

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

Profile 1
— — —Profie 2

water depth (m)

x(m)

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

4.2. Experimental Setup and Wave Conditions

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

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

WG1 WG3 WG5S
WGOWG2 WG4 WG6  WG7

N || Awes

waves

7.200m 1.06 m 212 m

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

Table 2. Geometric characteristics of the tested dike layout.

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

Irregular wave tests, employing a JONSWAP spectrum with enhancement factor equal to 3.3,
were performed. Each test consisted of approximately 1,000 waves. In total, 420 tests were conducted.
We consider 243 tests for the present analysis, having excluded those ones with no or inaccurate
overtopping flow property measurements. The tested wave conditions were derived from the extreme
wave forecast based on data acquired by the buoy of the Puertos del Estado, located outside Barcelona
harbour, for return periods of 1, 2, 5 and >10 years. Deep-water wave height ranges between 2.58 and
4.78 m, with peak periods between 7.96 and 13.16 s. These values correspond to those propagated
from offshore to a water depth between 14.5 and 15 m, being the up-scaled water depth values at the
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wave generation location. These conditions correspond to very shallow and extremely shallow water
conditions, based on the definition in [22], hte/Hmo,decy being between 0.1 and 0.38, where e is the
water depth at the dike toe and Hy,4ep is the deep-water wave height.

The experimental tests carried out aimed to measure the following parameters: free surface
water elevation along the wave flume, 1 (m); cumulated overtopping volume, Vi (L/m); mean
overtopping discharge, g (L/s/m), obtained as V'io/Tym-1,0,deep New,deep Where Typ1,0,deep 1S the spectral
wave period close to the wave generation (offshore) and Ny, 4.y is the number of waves offshore;
maximum overtopping volume, V,ux (L/m); flow depth associated to the maximum overtopping
volume, d (m); and horizontal velocity associated to the maximum overtopping volume, u (m/s).

4.3. Measurement Setup

Eight resistive sensors were placed along the flume to measure the water surface elevation at
different location (WG0-WGS8), working at a sample frequency of 80 Hz. The distance of the resistive
wave gauges with respect to the mean paddle position is reported in Table 3.

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

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

Overtopping flow depth and overtopping flow velocity were measured by means of redundant
systems, composed of two high-speed cameras and two ultrasonic sensors. The results were compared
and averaged. Two ultrasonic sensors were place on the dike top to measure flow depths (AWGO,
AWGL1), with resolution <0.3 mm. AWG 1 is positioned 2.5 cm away from the dike edge for the crest
width of 0.12 m and 6 cm for the crest width of 0.24 m. Distance between AGW1 and AWGO varied
between 5.9 cm and 9.2 cm. The position of the two ultrasonic sensors and the vertical distance from
the crest were optimized case per case to avoid interference between the sensors and optimize accuracy.
The AWG raw signal was acquired with a sampling rate of 100 Hz and filtered in Matlab environment
in order to derive overtopping flow depth and velocity on the dike. The velocity was calculated with
the indirect methodology:

distanceawc distancesawc

UAWGH,, = S UAWG gy = — 7 )
v Atyip

Atmux

where the delta values are, respectively, the temporal distance between the two maximum points Aty
and the distance between the two starting points of the event At;;,. The latter ones correspond to a
threshold value of 1mm, which identifies the tip of the overtopping wave. An example of the time
series of flow depth for a maximum overtopping event is depicted in Figure 6, where the solid line is
the acquisition of the sensor at the end of the promenade (AWG0) and the dashed line is the registration
of the sensor at the beginning of the promenade (AWG1). The maximum of each signal is marked
with a circle. Threshold values are marked with diamond markers. Here, a clarification is required.
The overtopping volumes are measured after the dike promenade. Hence, flow depth and velocity
associated to maximum event refers to the same location. For flow depth, the signal of AWGO is used,
being the closest sensor to the end of the promenade. However, as described previously, velocity is
measured indirectly, and the calculation employs both ultrasonic sensors. The distance between AWGL1
and AWGO is comparable to the promenade width, and therefore the calculated velocity cannot be
considered as the instantaneous velocity at the promenade end. Therefore, the layer velocity associated



J. Mar. Sci. Eng. 2020, 8, 556 9 of 24

to the maximum volume and corresponding to the maximum flow depth, d4wgp, has been calculated
resolving the following system, considering momentum conservation:

dAWG1UAWGT = dAWGOUAWGO 1
_ HAWGITUAWGO (10)
uAWGtmax - 2

where 1 AwGtmax is the average velocity as previously described, d awgg and d gqwg; are the maximum flow
depth values at AWGO and AWGT1 location, respectively, and uwgo and uawg; are the instantaneous
velocities associated to dswgo and dawci, respectively. For all analyses reported in the next sections,
we will refer to dawgo and dawg; as maximum flow depth d and overtopping flow velocity u,
respectively, for sake of simplicity.

<103

AWGO
— — —AWG1

n[m]

obrN me—~T= e o Sy

301.2 3014 3016 3018 302 302.2 3024 3026 3028
s]

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

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

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

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

4.4. Wave Analysis

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

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

An example of typical wave spectrum at the dike toe is depicted in Figure 9, showing an important
shift of the wave energy from the JONSWAP typical spectral shape to low frequencies, generated by
the heavy wave breaking and consequent release of long waves.

-4
25 (0 . . . : :

2

Spectral density (m<s)

15T 7

0.5 7

0 0.5 1 1.5 2 2.5 K|
Frequency (Hz)

Figure 9. Example of wave spectrum for incident wave conditions at the dike toe (values in model scale).
4.5. Scale Effects

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

5. Results

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

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

The relationship between g and V5 seems pretty linear, whereas more dispersion can be noticed
looking at the overtopping flow depth and velocity behavior versus individual overtopping volume
(Figure 11). This is especially true for the 1:15 foreshore slope, where more intense overtopping events
are far more energetic and violent than the ones for 1:30 slopes.

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

From a practical point of view, it is important to relate the overtopping flows to the sea storm
conditions that have generated such flows. The variation of overtopping layer thickness and velocity
with deep-wave spectral wave height and peak period is therefore shown in Figure 13. A relatively
large scatter is noticed for steeper foreshore slopes, for which overtopping flow depth increases with
the deep-water peak period. Low values of flow depth and velocity correspond to wave heights
smaller than 3.6 m and wave periods shorter than 10 s. The presence of a gentle slope reduces both



J. Mar. Sci. Eng. 2020, 8, 556 13 of 24

the flow depth and velocity, due to the more intense wave breaking that occurs far from the dike
toe and generates bore-type flows running on the dike and finally overtopping. These flows can be
described as overtopping green water. For the 1:15 slope, especially for the largest values of water
depth at the dike toe, the breaking occurs very close or partly on the same dike slope. The overtopping
is characterized by very rapid flows running on the seaward edge of the dike, detaching from the crest
initially and then splashing on the promenade. For these flows, very large depths are achieved for
deep-water wave heights between 3.6 and 4.5 m and wave periods larger than 11.8 s.

25 1.8 -
*  cotd=15 ®  cotd=15
+  cotf=30 16| +  cotf#=30
# + S *
a0t + ]
Fx 1.4 PR *
X wX
121
+ H kS
X
£
= X
+ 0.8 Tx -
+ il *
: 06} N S S
* ’ E x+><>§<><
XX * + + _ﬁsx X o +
0.4 é—i— X
* ox
L b4
0.2 e +
+
0 * * * * * 0 * * * * *
] 2,000 4000 6000 8000 10000 12000 ] 2,000 4,000 6,000 8,000 10,000 12000
Vi (Um) V. (lfim)

max

Figure 11. Variation of overtopping flow velocity and depth with maximum individual overtopping
volume (dimensions in prototype) for two different foreshore slopes.
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Figure 12. Variation of overtopping layer velocity and depth with average overtopping discharge
(dimensions in prototype) for two different foreshore slopes.
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Figure 13. Variation of overtopping layer velocity and depth with deep-water wave characteristics
(dimensions in prototype) for two different foreshore slopes.

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

f(HmO/ Tm—l,Or Rige, U, d, q, Vinax, Re, g, taneeq/ B) =0 (11)

where H,,,p and T},.1 ¢ are the spectral wave height and period at the dike toe, respectively, /110 is the
water depth at the dike toe, B is the width of the dike promenade, g is the gravity acceleration, g is the
average overtopping discharge, V;x the maximum individual overtopping volume expressed in L per
meter of crest width, R, the crest freeboard, and u and d are the overtopping flow velocity and depth,
respectively. The parameter tan6,; corresponds to the equivalent slope, calculated starting from the
dike and foreshore slope for cases with foreshores in shallow water conditions, as indicated in [14].
Hence, n = 11 and k = 2, leading to nine dimensionless parameters:

Hyo Tm-10 B tan@eq Vinax Rc
htoe \,ghtog d [ \/ ghtoe / ?no %HmoTil—,O Hmo
271 ml 0

The selection of each dimensionless group is based on the current literature and intends to be
physically meaningful. As for example, the wave period and the overtopping flow velocity were

=0 (12)
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divided by the square root of gh.., corresponding to the wave celerity in shallow waters. Identification
of dimensionless groups will help to investigate possible relationships between overtopping flow
depth and velocity with other variables at stake. The relationship between overtopping flow depth
and velocity with individual maximum overtopping volumes, has been investigated in terms of
dimensionless groups as shown in Figure 14. It is possible to distinguish two different trends, one per
foreshore slope. Lower values of the dimensionless velocity are shown for a wide range of volumes
in case of the 1:30 slope. Opposite to that, a wide variation of velocities is shown within a relatively
short range of volumes for the steeper foreshore. A more careful analysis of the results shows that the
overtopping flow depth is greatly affected by the promenade width (see Figure 15), which does not
show a clear correlation with overtopping flow velocity.
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Figure 14. Variation of dimensionless overtopping layer velocity and depth with dimensionless
maximum individual overtopping volume for two different foreshore slopes.
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Figure 15. Variation of dimensionless overtopping layer velocity and depth with dimensionless
maximum individual overtopping volume for two different promenade width.
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The results for overtopping flow depth and velocity were compared with formulas proposed
in [6,26,27,32], who finally expressed both overtopping flow parameters as a function of wave run-up
and crest freeboard. The application of the aforementioned methods requires an estimation of the
run-up. Notwithstanding this, wave run-up assessment for very and extremely shallow waters and
relative steep dikes cannot avoid inaccuracies, due to the fact that experimental data fall outside the
range of application of any known semi-empirical formula to calculate Ry9, or Ryx. The results are

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

5.2. Quertopping Flow Parameters Expressed in Terms of Individual Maximum Ouvertopping Volume

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

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

depth, overtopping flow velocity and individual overtopping discharge:

gRc
Ucalculated EPR = 0.254 VmuxH_O
m

Hy0&m-1,0
dculculated EPR — 0.343 \/@
cXc
8&m-1,0
Amax,calculated EPR = 0.25V 0 \/Z:
c

Similar dependence on the individual overtopping volume is found by employing EPR as by [24,27].
In addition, a certain influence exists of the location, x., where flow parameters are measured, of the

(13)

(14)

(15)
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surf similarity parameter &,,.; o and dimensionless freeboard R./H,,p. The surf similarity parameter is
here calculated by employing the equivalent slope as defined in [15]. The influence of the freeboard
might be explained as follows: for the same volume, a higher freeboard will lead to lower flow depths
(run-up is lower). In addition, the surf similarity parameter will be bigger for longer periods (i.e., bigger
wavelengths), leading to bigger individual discharges.

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

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

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

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

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

Looking at overtopping flow properties, it becomes clear that overtopping safety criteria based on
mean discharge and maximum volume are not sufficient and might lead to overpredicting the hazards
related to overtopping events. Although almost all cases present individual maximum volumes
higher than 600 L/m, at least 20% of them can be considered safe if looking at combination of flow
velocity and depth. The influence of the berm width is remarkable: for shorter berms, almost all cases
with Viay > 1,000 L/m fall within the unsafe region (above the curves in the figures), while the same
volume can be not so critical for longer berms, for which the results are more scattered. Cases with
Vinax > 1,000 L/m that lead to unsafe flows are those with mean discharge q > 5/L/s/m, apart from a
few exceptions. In general, very high discharges and volumes, respectively greater than 10 L/s/m and
5000 L/m, lead to unsafe flows for both considered promenade widths.
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Figure 19. Flow depth versus velocity, comparison with Sandoval and Bruce (2017) curves, the discharges
are divided for different promenades and measured average discharge.
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d(m)

08

06

T T
m B=6m,V _ <=1000i/m
ma;

X

u B=6m, 1(](]0I.’m<Vm <=5000V/m

ax —

B=6m, V,__ >5000/m

B=12m, V__ <=1000I/m
max

B=12m, 1000//m<V __ <=50001/m
B=12m, V__ >5000//m

Friction inst. (Sandoval and Bruce, 2017) - adult u
—===Momentum inst. (Sandoval and Bruce, 2017) - adult

— = Friction inst. (Sandoval and Bruce, 2017) - 10y child
-------- Momentum inst. (Sandoval and Bruce, 2017) - 10y child

n
¢ @ @ &

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

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

7. Conclusions

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

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

Two different methods to evaluate people safety have been used: tolerable limits for mean
discharges and volumes, as proposed in [6] from one side, and the vulnerability of pedestrians
expressed as a critical combination of flow velocity and depth [12-14]. The outcomes of the two criteria
have been compared and discussed.
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The results of the experimental campaign are specific for the studied area. It must be considered
that all experimental tests have been conducted for the worst-case scenario of smooth dike, where,
instead, the actual dike presents a rough and permeable seaward slope. The first evidence emerging
from the study is related to the role of the foreshore on the overtopping flows and coastal safety.
A gentle foreshore induces intense wave breaking which dissipates part of the incoming wave energy.
On gentle foreshores (e.g., 1:30), a bore-type wave develops that will run on the dike and crest with
small splashes and relatively small flow depths. When the foreshore is steeper (i.e., 1:15), the waves
partly break on the dike (especially for local water depths of 1 m), leading to splashing flows which are
very irregular and turbulent that generate, especially for narrow promenades, very high flow depths.

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

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

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

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

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

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

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

Concluding, the experimental campaign suggests that further research is needed in terms of
design criteria for wave overtopping, if related to people’s safety. The proposed tolerable discharge
and volume values from [6] are still valid, but not sufficient to clearly identify a safe or unsafe scenario.
Overtopping flow depth and velocity provide further insight and are advised to be employed, together
with [6]’s criteria, for coastal safety assessment.
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