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Abstract: The performance of non-intrusive instruments, such as acoustic profilers and cameras,
to describe the wave-induced flow processes over maritime dike crest was investigated in experiments
carried out at the University of Bologna. Direct and derived measurements from the acoustic probes
deployed along the structure crest were discussed in relation to the observed backscatter rates.
Image processing was implemented by means of clustering algorithm, in order to detect the free
surface during overtopping events and characterize wave front propagation over the dike crest.
UVP data were processed to indirectly derive flow depths and overtopping rates and compare
them with the direct measurements in order to assess the measurement reliability and discuss their
limits. Individual overtopping volume distribution as obtained by UVP data were estimated and
compared with well-consolidated formulations, showing a good agreement. Finally, suggestions for
an appropriate use of non-intrusive instruments to characterize a shallow, transient and aerated
flow were provided, such as the control of the artificial seeding density, the use of a bi-static UVP
configuration and adjustments to light exposure.

Keywords: ultrasound Doppler velocimetry; image processing; overtopping discharge; wave-induced
flow; non-intrusive instrumentation

1. Introduction

Wind-generated water waves, together with dam-break, impulsive waves and tsunamis,
constitute fast-flowing, transient and turbulent processes with rapid level oscillations and largely aerated
interactions with environment and structures. Therefore, measurements of wave-induced flow on dikes
require appropriate design of the experimental set-up and adequate choice of the instruments [1,2] to
be adopted, in order to (i) guarantee high standards of the acquired data (e.g., appropriate sampling
frequency and spacing resolution, stability, accuracy, and instrumental integrity during tests), (ii) reduce
their overall disturbance to the process being measured, and (iii) provide data to be easily (post-)
processed with unique and unambiguous meanings.

The experimental characterization of the interactions between waves and dikes in terms of water
depths, velocities, loads, and overtopping discharges remains a challenging issue due to the unsteady
non-linear dynamics, like breaking, turbulence, and air entrainment [3,4], as well as over-washing
processes, eventually alternating wet and dry conditions on the crest [5–8].

Instruments like wave gauges and micro-propellers are defined as intrusive [9] to experimentally
characterize the flow over the dike crest during overtopping, and in particular for small-scale tests;
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indeed, they generate unwanted wakes in a thin water layer (especially in the case of emerged rarely
overtopped structures) and provide only point-wise measurements of the flow, such as water elevation
and speed at a single location. These in turn limit the measuring range of depths and velocities, due to
the minimal dimensions and their initial inertia of motion, resulting in ultra-shallow (less than 10 mm)
and ultra-slow flow (less than 1 cm/s) not measured by conventional instrumentation [7].

To overcome these limitations, the development of laser, acoustic and optical/video analyses have
already led to promising results also in the field of coastal engineering, such as to measure wave run-up
processes on beaches (e.g., [10–12]).

Ultrasound Doppler Velocity Profiler (hereinafter UVP) allows for direct measurements of the flow
velocities in liquids by exploiting the Doppler frequency shift between emitted and received signals.
The use of UVP is well established in a variety of fluid mechanics and hydraulics applications,
among others, including measurement of river flow [13,14] and the control of liquid metal flow for
continuous casting as in [15]. UVP can also be installed inside the modelled structures through
mounting holes, guaranteeing a good coupling between the transducer and the liquid by filling empty
spaces with echography gel. These profilers were deployed in this way to measure, for instance,
the flow impact triggering the motion of boulders during small-scale tests of tsunami-like waves in
flume [16].

The advantage of their use mainly derives from the possibility of non-intrusive measuring of
fluid velocity, also in harsh conditions and in shallow waters, and allowing for instantaneous velocity
profiles and great adaptation to changing flow conditions and boundaries. In the field of coastal
studies, previous relevant experiments by using acoustic probes in transient and aerated flows were
carried out by [17,18], for dam break waves, and by [19], for submerged dikes, proving the effectiveness
of such technique to characterize unsteady dynamics. However, the measurement of the water depths
over the structure crest and the reconstruction of the related wave overtopping discharges have not
been tested to date. At the same time, the development of advanced optics and laser systems and
the implementation of image processing by means of high-performance computers [20] gave rise to
experimental techniques to detect the free surface and estimate the flow velocity.

Some researchers (among the others, [21–23]) proposed alternative methods based on videography
to reconstruct water elevation by side-wall camera, and the technique was also used to investigate sand
bed evolution in nearshore zone [24,25] and the performance of floating bodies [26,27]. More complex
optical approaches, like Particle Tracking Velocimetry (among the others, [28,29]), Particle Image
Velocimetry (among the others, [30,31]), and Bubble Image Velocimetry (among the others, [32]) were
shown to provide accurate results in the description of velocity field (i.e., streamlines, pathlines) and
air entrainment during wave breaking and impacts [33,34], but only a few studies [35–37] examined
wave overtopping process at dikes through image-based techniques.

This paper investigates the performance of non-intrusive instruments, such as UVP and
camera. The aim is to provide practical suggestions for their usage limitations and setting when
measuring the wave-induced flow over dike crest and reconstructing the mean and individual
overtopping discharges.

The paper is organized as follows. Section 2 briefly describes the experiments performed in
the wave flume of the Laboratory of Hydraulic Engineering at the University of Bologna (Italy)
to investigate wave-induced overtopping process, including the instrumental apparatus used to
characterize developing dynamics over the dike crests. The data processing together with assumptions
and limits for the implemented analysis are reported in Sections 3 and 4, where flow analysis by UVP
measurements and the free-surface detection through the image processing are illustrated in detail.

The performance of proposed methods to measure water depths and velocities over the dike
crest as well as overtopping discharges are presented in Section 5, showing comparison with
the well-consolidated formulae provided by the EurOtop manual [38]. Finally, concluding remarks
regarding the most appropriate instrument setting are drawn in Section 6.
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2. Description of the Laboratory Tests

New experiments on wave overtopping at dikes have been carried out at the University of Bologna
in the wave flume depicted in Figure 1. This is 12 m long, 0.5 m wide and 1.0 m deep, and waves are
generated by the vertical movement of a cuneiform-shaped piston-type wave-maker defined on the basis
of mass conservation law [39,40] and described in detail by [41]. The generated irregular waves were
characterized by values of significant wave height Hs in the range 0.04–0.06 m and peak wave periods Tp

in the range 0.85–1.51 s, with corresponding values of the wave steepness sm−1,0 = Hs/Lm−1,0 ≈ 0.03–0.04.
The duration of each test was equal to 10 min, in order to reproduce between 500 and 700 individual
waves in the flume.
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Figure 1. Sketch of the wave flume (Not to Scale) and layout of the used instruments: three WGs at
the middle of the channel, three UVP probes along the dike crest (namely D1, D2 and D3), GoPro recording
window, tank for q measurement (i.e., overtopping cumulated volume), and recirculation flow system.

The wave attacks were performed against four dikes, built in polymethyl methacrylate (PMMA),
whose cross-sections differ for the crest widths, Gc = 0.15 and 0.3 m, and/or the seaward slope,
cot(αoff) = 2 and 4. Therefore, four dike configurations were realized with height equal of 0.35 m
and were positioned in the right-hand side of the channel, at a distance of around 11 m from the
wave-maker, as indicated in Figure 1. Each dike configuration was tested at three crest-freeboard
conditions, Rc/Hs = 0, +0.5 and +1, obtained by varying the water depth wd in the channel from 0.29 to
0.35 m. For each freeboard, several tests were performed, by varying the values of Hs and Tp, resulting
into a total of 54 tests. The summary of the tested configurations is given in Table 1.

Table 1. Summary of the target conditions of the experiments of wave overtopping at dikes.

Rc/Hs 0 +0.5 +1

sm−1,0 (%) 3; 4 3; 4 3; 4
Hs,m−1,0 (m) 0.04; 0.05; 0.06 0.04; 0.05; 0.06 0.05; 0.06

wd (m) 0.35 0.32; 0.325 0.29; 0.30
cot (αoff ) 2; 4 2; 4 2; 4
Gc (m) 0.15; 0.30 0.15; 0.30 0.15; 0.30

The wave-flume was equipped with the following instruments:

• three wave gauges (WG), placed at approximately 1.5 times the maximum Lm−1,0 from
the wave-maker (≈ 5 m) to record the free-surface elevation with a sampling frequency of
100 Hz and to separate the incident and reflected waves, according to [42];

• three UVP probes, which were installed along the structure crest and were used to record the time
series of the vertical profiles of the horizontal flow velocities (u) and track the free surface elevation
or water depth (h). These ultrasound probes were located in proximity of the off-shore edge (D1),
in the middle (D2) and close to the in-shore edge (D3) of the dike crest;

• a 30 Hz GoPro camera employed to film in Full HD resolution the wave run-up, flow over the crest
and overtopping process; the GoPro was placed at exactly perpendicular positions to the side
window of the wave flume where the dike was located (Figure 1);
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• a tank for the storage and measurement of the wave overtopping volumes, placed at the end of
the wave flume and below the channel (Figure 1), to calculate the cumulated overtopping volume
at the end of each test;

• a recirculation system, connected to the channel in order to preserve the water depth throughout
the experimental duration.

The analysis of the results in terms of reflection coefficients and overtopping rates was presented
in [41], where a good agreement of the experimental data with most widely used formulae was
shown together with proposed guidelines to update the state-of-the-art formulae for a more cautious
estimation of the water depths and velocities of propagation of the flow in the landward area.

3. UVP Data Analysis and Processing

3.1. Overview of Basic Concepts

The UVP is a monostatic sonar emitting and receiving short bursts composed by acoustic pulses
to measure profiles of flow velocity within liquids. This device was originally developed to provide
spatio–temporal information of a fluid flow [43] by exploiting the Doppler effect: When enough
scattering particles seed the fluid flow, the emitted pulses are scattered back to UVP receiver,
which experiences a Doppler shift, fd giving the measured radial velocity

vr =
c· fd
2 f0

(1)

where f0 is the emitted frequency, and c is the sound speed in water.
The measurement of fd is commonly assessed by using an autocorrelation function at a lag equal

to pulse repetition period Tpr f , namely the pulse-pair method [44]. This uses consecutive pulses in
pairs, required in a number of pairs necessary to increase the statistic stability of the final results [45].
This technique limits Tpr f to the observation time among consecutive pairs of pulses. As a consequence,
the maximum distance of measured velocity (i.e., the ranging distance, r) should be lower or equal
than two times the traveling distance of sound pulses:

2r ≤ c·Tpr f (2)

In analogy with the Nyquist–Shannon theorem for continuous signal sampling into discrete time
series, the Doppler shift must be smaller than the Nyquist frequency, limiting the maximal measured
value of fd and flow velocity for a given pulse repetition frequency ( fpr f = T−1

pr f ), as described in
Equation (3):

fd ≤
fpr f

2
(3)

In the present experiments, probe frequency f 0 was set to 4 MHz in order to have the value of fpr f
equal to 11,904 Hz and a profile resolution of 1.01 mm. Using a Doppler angle of 75◦ and assuming
the overtopping flow mostly aligned with the dike crest (i.e., horizontal), Equations (1)–(3) yielded
around 70 mm as maximum distance from the probe and 4.2 m/s for maximum velocity, respectively.

3.2. Scattering Process and UVP Limitations

Ultrasound scattering, acoustic beam geometry and sound reflection at water–air interface play
a relevant role in determining the UVP performance. The sound reflected and refracted by scattering
particles is usually referred to as volume scattering [46]. The overall sound reflected back to UVPs from
water–air interface, hereinafter referred to as surface scattering, is usually stronger than the volume
backscattering and was eventually processed to detect free surface position. In fact, the profiled echo
intensity level, EL, was converted into the backscatter, BS, by accounting for the spherical spreading
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r2 of the echo and by neglecting the other sources of sound dissipation (e.g., forward scattering,
attenuation due to water viscosity):

BS = EL·r2 (4)

The derived BS at each cell (i.e., by applying the actual ranging distance r of each gate in Equation
(4)) embeds the volume and the surface scatterings. A shortcoming is revealed in cases of scarce
seeding, and the surface scattering overwhelmed the volume scattering and saturated the UVPs during
the receiving phase, as also experienced by [47]. Subsequently, the Doppler effect cannot be easily
detected, especially close to water surface where the maximum surface scattering and velocities are
usually expected to occur.

This UVP shortcoming is further exacerbated by side lobe interference. In fact, a finite circular
piston focuses the acoustic power into a conic beam with side lobes, which radially protrude [48].
The half beam width ϕ, i.e., half of the angle at cone vertices containing most of the acoustic energy,
and the used probes diameter d were equal to 1.22◦ and 4 mm, respectively (Figure 2a).
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Figure 2. (a) Outline of UVP probe deploy at the dike crest with the acoustic beam geometry, the range
gating and side lobe reflection. ϕ is the half beam width, z is the probe tip to water surface vertical
distance, and θ and δθ indicate the beam angle with respect to vertical and the water surface slope,
respectively. (b) Outline of the multipath following the reflection at the free surface.

As the UVP probe axis was not installed orthogonally oriented to the crest plane, the acoustic
beam was initially reflected at the side lobe much closer to the vertical (i.e., orthogonal to water surface),
and then followed the sound reflection at the central lobe axis. In fact, the downstream external beam
arrived to the receiver before the central beam with axis of an angle θ = 15◦ (Figure 2a).

The surface reflection of this side lobe preceded and therefore masked the volume scattering
from the central lobe, although it has higher energy. This resulted in a side lobe affected region where
the flow velocities could not be measured. The extension of this region depended on the beam axis to
water surface angle (θ+ δθ as outlined in Figure 2a), on the water depth, on the UVP deployment and
on the beam geometry (i.e., θ, ϕ, d).

The side lobe affected thickness hsl was assessed through trigonometric considerations (Figure 2a), as:

hsl �

(
2z·sin(ϕ)
cos(θ−ϕ)

+ d
)
·sin(θ+ δθ) (5)

The values of hsl are reported in Table 2 for two combinations of the maximum vertical distance
between the probe tip and the water surface and the water surface slope (i.e., z and δθ in Figure 2a).
These values refer to the mean flow depth on the crest as they were observed for two different relative
freeboards by means of image processing (described in Section 4) giving the possibility to achieve
simultaneous water depths.
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Table 2. Side lobe affected thickness hsl-calculated as in Equation (5) with mean values of z and δθ
(obtained from videography) for two combinations of Rc/Hs.

Rc/Hs θ, ϕ, d z(mm) δθ(◦) hsl(mm)

0 15◦, 1.22◦,
4 mm

30 5 1.8
+1 15 1 1.3

In the case of Rc/Hs = 0, the thickness of the side lobe affected region corresponded to about two
times the profile resolution, i.e., equal to 2.02 mm. This was the worst condition and did not allow
measuring the flow velocities at the water surface.

The water surface reflection also gave rise to a multipath effect (Figure 2b), corresponding
to false positions of measured flow velocities, which were above the real free surface elevation.
A portion of the acoustic energy bounced off at the water–air interface because of the strong impedance
variation throughout the interface [46]. This gave rise to a reflected beam within the water depth,
but with gates having longer path (i.e., with a delayed return to UVP) than the free surface depth.
Hence, the corresponding velocity measurements appeared at longer distances in the UVP profile.
This false positioning occurred for Tpr f higher than two times the actual travelling time from the probe
tip up to the free surface.

Due to the typical delay of the monostatic switching from emission to reception (i.e., ringing effect),
a thin layer (namely, blanking distance) close to the probe tip could not be measured and, therefore,
the probes were located within the PMMA structure of the dike crest, through blind holes filled by
ultrasound-echography gel (Figure 2b), which enabled sound propagation throughout the structure.

3.3. Echo and Velocity Profiles Filtering

The filtering process of the UVP data is paramount to detect the correct values of depth and velocity
from raw measured profiles of echo. There are two basic concepts of this analysis: (i) the gate position
shows the maximum backscatter in correspondence to the free surface position, which is expected to
be characterized by the peak value due to surface scattering, and (ii) the flow velocity originates from
the Doppler effect, which requires a sufficient volume scattering from suspended particles.

The scatter density noticeably changed during overtopping (Figures 3a and 4a) because of transient
variation in flow capacity, which is related to the square velocity [49]. Therefore, both the relevant
volume backscatter and a certain variability in time of its values are expected for gates with valid
flow velocities. On the contrary, low and steady values of the assessed backscatter indicated low
concentration of suspended particles, which were not enough for accurate measurements. Furthermore,
almost constant and low values of backscatter were measured close to blanking distance at false gates,
located within the ultrasound gel and PMMA structure. This is visible in the measured echoes at gate
distances shorter than 10 mm, as shown in Figures 3a and 4a.
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Therefore, the normalized maximum backscatter BSmax was assessed in Equation (6) as
the maximum over the median values of the backscatter at each gate, giving low values at false gates
and multipaths due to sound propagation into gel-PMMA and due to surface reflection, respectively.

BSmax =
max(BS)

median(BS)
(6)

Gates with BSmax lower than a specific threshold were rejected and the profile coherently trimmed
to validated gates and re-aligned to the surface of dike crest. These thresholds were calibrated
against the water depths and overtopping discharges as derived from videography and volumetric
measurements, respectively. These thresholds changed from 5 to 25 and were inversely correlated with
the dike freeboard, i.e., largest thresholds were found for zero freeboard. This indicated a limited
performance of the UVPs in case of high overtopping rates, eventually inducing low volume scattering
and prevalent surface scattering, which deteriorated the detection of the Doppler effect.

The normalized backscatter standard deviation was defined as:

BSmax =
max(BS)

median(BS)
(7)

where the standard deviation and the maximum backscatters were performed in time at each gate.
The assessed values BSstd were applied to filter time series of velocity (Figure 3b) at each of

the previously validated gates. This filtering was performed on the basis of the normalized backscatter:

BSn =
BS

max(BS)
(8)

Velocity values at sampling time and gate were rejected for low normalized backscatter,
which indicated insufficient signal return from suspended particles. This also corresponded to
low signal to noise ratio, and in these cases, the volume backscatter is too low for a reliable estimation of
the Doppler velocity [50]. The minimum threshold for the normalized backscatter was calibrated versus
observed flow depths and overtopping discharges, as described in Sections 4 and 5. This calibration
resulted in rejecting the measurements with BSn, not exceeding 1.5 times the corresponding BSstd at
each cell. The probability of not exceeding a certain value of BSn is reported in panels c of Figures 3
and 4, which also shows the corresponding thresholds (i.e., black dots at 1.5 times BSstd).

4. Image Processing: Implementation and Analysis

The main concept of image processing techniques, nowadays widely used in many hydraulics
experiments, is the transformation of visual data into a digital RGB matrix [21,51] in order to
derive features on fluid dynamics, depending on the image quality and the eventual seeding
concentration [52,53]. In the present experiments, the installed GoPro camera recorded a video
sequence of a field of view focused on the dike crest (as also shown in Figure 1) at a rate of



Water 2020, 12, 3053 8 of 19

30 frames per second. The camera triggering with the wave generation was performed using the GoPro
iOS application via Bluetooth. In order to improve the contrast among water and glass walls of
the flume, black sheets covered the background of the recorded window, while strong lamps in a sort
of dark room improved the image quality, giving an appropriate setting of the light exposure in
the area of interest and reducing the background for the analysed image. Then, in post-processing,
algorithms were implemented and applied to detect the free surface and characterize the flow depth
during the wave overtopping. One of the most common methods to estimate the free surface elevation
is the edge detection, firstly developed by [54], which consists of the identification of the image
intensity gradient larger than fixed thresholds. It was successfully applied in hydraulics (among
the others, [23,55,56]), but limited to cases characterized by smooth variation of surface slopes and low
aerated fluids, where the discontinuities between the free surface and the remaining water body were
evident and easy to be automatically captured by the algorithm.

Hence, this method was found to be insufficiently accurate to detect the free surface for the present
experiments, due to the development of such highly turbulent and aerated flow as in case of
wave-structure interaction [57]; therefore, the application of a clustering algorithm was preferred for
these tests, where the possibility to estimate the air content could be also investigated and discussed.

The term clustering denotes a family of unsupervised automatic methods that can identify intrinsic
groupings (i.e., clusters) of patterns in space, and defines classes in correspondence of these groups.
Clustering has applications in numerous disciplines (e.g., pattern recognition, machine learning,
computer vision) and was implemented for eco-hydraulics purposes [58,59]. The identification of
the clusters follows two different criteria based on the minimization of (1) the sum of squares of
pattern distances from centroids (i.e., barycentre) of the classes, and (2) intra-class distances in order to
properly treat distribution with elongated ellipsoid shapes. Among the centroid-based algorithms,
iterative methods, such as K-means, Fuzzy K-means and Expectation-Maximization (Gaussian Mixture)
algorithms, are the most diffuse ones [60]. The latter was the one implemented in the Matlab toolbox
called Pattern Recognition, originally developed by [61]. It was recently updated by [62] and adapted by
the authors and used for the present experiments to analyse the acquired videos in order to characterize
the flow over the crest and validate the reconstructed water depth data resulted by UVP.

For the camera settings, suggestions by reference [23] were followed in order to improve the image
calibration and quality, e.g., using an array of exact grids made of clear acrylic sheets to check the lens
distortion, mounting the camera in line with the structure crest, controlling its tilt angle to be vertically
and horizontally aligned with the wave flume, and implementing the image processing algorithm only
in the middle area of the image to reduce distortion and focus on the interested area.

The implemented algorithm (Figure 5) automatically allowed identifying the wave-induced flow
thickness over the dike crest by means of the following steps:

(i) background removal, with the construction of a mask applied to the original video in order to
remove the area of the frames to be neglected from the analysis (e.g., the zone below and behind
the dike crest); each RGB image was then transformed into greyscale image (Figure 5a);

(ii) calibration process of estimating camera parameters by using the approach proposed by [63],
where images of a planar checkerboard were used; limitations due to lens distortion, optical errors
and 2D–3D projections were solved by removing the fish-eye effects and calibrating the camera
by the [64] calibration method. The definition of a conversion factor (from pixel to mm) was
performed by taking as input one sample image up to reach a maximum conversion error less than
1 pixel (around <0.3 mm in the present field of view). Finally, camera intrinsic (i.e., lens distortion
coefficients) and extrinsic parameters were provided as calibration matrix for each test, to obtain
the correspondence between the image and the space (real) points;

(iii) training, where classifiers were identified for some representative frames selected from each test
video. Once chosen the number of labels M, depending on the image quality (e.g., light exposure,
the flow patterns over the crest) and on the bubble entrainment (e.g., wave breaking), the image
matrix was converted into a dataset of features, where pixels were classified into a number of
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classes of membership M, giving the classifier matrix W. In the present analysis, the value of M
ranged from 10 to 15 classes. This step was performed for each test day and camera calibration,
since the identification of classifiers largely depended on environmental light conditions and glass
cleaning, even if the glasses were carefully cleaned and the light conditions were maintained as
unchanged as possible. Figure 6b shows as an example the class with the label 13 corresponding
to the free surface;

(iv) image clustering, following the Expectation-Maximization (EM) partition technique based on
Gaussian distribution mixtures of the dataset (Figure 5b). On the basis of the number M of
classes defined in the training process and on the classifier matrix W, each frame of the video was
clustered using the nearest mean classifier, which finally divided the image pixel (i.e., intensity)
into M clusters. Iteration was performed in order to statistically stabilize the assigned labelling;

(v) pattern recognition, with the elaboration of suitable classifiers that identified the label
corresponding to the free surface during the dynamics, e.g., wave run–up and overtopping flow
over the dike crest (Figure 5c);

(vi) free surface detection, after filtering noise in the derived signals due to both air entrainment and
water drops on the flume glass walls, which reduced the image quality and sharpness, and finally
matrix conversion of pixel into meter by applying the calibration coefficients (Figure 5d).
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5. Reliability of the Derived Non-Intrusive Measurements

The filtered backscatter and velocity profiles from UVP were analysed to evaluate the flow
depths and the overtopping discharges at the dikes and compare to videography data and volumetric
measurements in order to assess the reliability of the used non-intrusive instrumentations.
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The values of h from UVP were generally detected at the gate with maximum backscatter,
after an eventual profile re-alignment and filtering. When analysing the filtered profile of u, the farthest
position of the gates where non-null velocity was measured (i.e., far-velocity position) and the barycentre
of the validated values (i.e., velocities mean position) were derived. These outcomes can be compared
to the estimated depths in Figure 6, which mostly corresponded to the maximum backscatter position
with few exceptions in case of deteriorated profiles. In these cases, a clear peak in the backscatter
profile was not detected or its height was typically much higher than the position of the remaining
velocity data. For these noisy profiles (less than 10% of the validated), the velocities mean position was
a more conservative estimate of the flow depth.

Overall, the implemented methodology efficiently performed among a broad range of conditions as
it is demonstrated in Figure 6a for Rc/Hs = 0 and in Figure 6b, for Rc/Hs = +1. The gate corresponding to
the far-velocity position frequently exceeded the assessed depth, clearly indicating velocity measuring
at multipaths.

This case more frequently occurred when Rc = 0 (i.e., Figure 6a), which again was confirmed
as the most challenging measurement condition in the case of prevailing surface scattering and side
lobe interference. However, velocities at multipaths were used to eventually retrieve missing values
close to the water surface due to the side-lobe effect. In fact, following the path of the reflected beam,
some gates were available close to the water surface, which presented reliable values of velocity and
were eventually characterized by a prevalent volume scattering (i.e., low value) farther than the peak
along the profile.

5.1. Flow Depth over the Dike Crest

A comparison between the UVP data and the videography results was performed on a subset
of 12 selected tests (i.e., Hs = 0.05 m, sm−1,0 = 3%, Rc/Hs = 0, +0.5, +1; Gc = 0.15, 0.30 m;
cot(αoff) = 2, 4) in order to validate the methodology applied to the acoustic measurements as
described in Section 3, where information on water depth was extracted by properly processing
the echo and the velocity profiles.

Since the two instruments were not triggered and were set with different sampling frequencies,
the spectra of the water depths derived from the two analyses were compared in Figure 7, where each
panel reports data for different values of Rc/Hs, while keeping constant the wave condition (Hs = 0.05 m
and sm−1,0 = 3%) and the dike geometry (Gc = 0.30 m and cot(αoff) = 4). For all three presented cases,
the power spectrum density (PSD) values of water depth at D1 position over the crest from images and
from UVPs was calculated by using Welch’s overlapped segment averaging estimator [65], and their
values were characterized by similar peak amplitude. In the case of Rc/Hs = 0 (panel a), the spectrum
density was observed to be concentrated in a band equal to ± 0.5 the wave peak frequency, with a good
correspondence in terms of peak frequency between the two data. In case of Rc/Hs > 0 (panels b and c)
instead, quantities of energy related to the mean overtopping rates were also present at low frequencies
due to rare overtopping events during the test, which is also in accordance to the observations by [66].
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Figure 7. Comparison between water depth spectrum resulting from videography (black line) and UVP
data (grey line) at D1: Rc/Hs = 0 (a), +0.5 (b) and +1 (c). Test with Hs = 0.05 m, sm−1,0 = 3%, Gc = 0.30 m
and cot(αoff) = 4.



Water 2020, 12, 3053 11 of 19

The overall reliability of the implemented image processing for the accurate detection of the free
surface over the dike crest was verified at each test by overlapping the results with the corresponding
frame, as it is also shown in Figure 5d.

The presented image processing was also applied to estimate the wave front propagation over
the dike crest and reconstruct the maximum and mean water depth envelopes, as shown in [41].

5.2. Mean Wave Overtopping Discharge

Finally, the overtopping discharge as a function of the time, i.e., q(t), was assessed by multiplying
the flow depth derived from UVP (Figure 6a,b) with the corresponding depth-averaged negative
velocities (where negative means wave-induced flow in-shore directed towards shoreline).

The time integral of wave-by-wave discharges obtained after the UVP filtering procedure provided
values of q lower than the corresponding ones derived from cumulated volumetric measurements
(Figure 8). The underestimation was slight (less than 10%) for low q in the case of emerged dikes
(i.e., Rc/Hs = +1), but increased up to 50% for Rc/Hs = 0.
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Figure 8. Comparison of mean overtopping discharge q as obtained by UVP and volumetric
measurements. Color bar represents the normalized backscatter standard deviation 〈BSstd〉, which was
averaged along the validated gates.

It is worth noting that low values of the normalized backscatter standard deviation 〈BSstd〉

(i.e., dark marks at the colour bar in Figure 8) resulted in better estimations of q. On the contrary, the UVP
more significantly underestimated the assessed discharges in case of high 〈BSstd〉 (i.e., light marks).
Indeed, the normalized backscatter standard deviation is a proxy of the UVP performance: Their high
values give evidence of the probe saturation due to the strong sound reflection obtained from boundaries
(i.e., the water-air interface), which disabled the volume scattering detection for Doppler velocimetry.

This phenomenon occurs in the case of (i) high value of maximum backscatter due to saturation
and (ii) low variation of the backscatter from submerged gates into water. In this condition, the volume
scattering at gates was most likely overwhelmed by the sound reflection at the water surface
(i.e., surface scattering). This was especially the case of large depths where side lobe was more
effective in masking the volume scattering, especially for large overtopping flow corresponding to
low freeboards.

The time integral of wave-by-wave discharges obtained after the UVP filtering procedure
(Section 3.3) was also compared with the well-consolidated formulae provided by the EurOtop
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manual [38], providing the prediction of q in case of Rc/Hs ≥ 0 and dry landward conditions following
the expression:

q = min


0.023√

tan(αo f f )
γbξm−1,0·exp

(
−

(
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ξm−1,0Hsγbγνγ fγβ

)1.3
)
·

√
gH3

s

0.09·exp
(
−

(
1.5· Rc

Hsγ fγβ

)1.3
)
·

√
gH3

s

(9)

where γb, γν, γf, and γβ are the influence factors for a berm, roughness elements on a slope, a crest
wall, and oblique wave attacks; in this paper, all these factors are equal to 1, also according to [41].

The value of q obtained from UVP agrees with the formulae and the corresponding values from
cumulated volumetric measurements. The latter values appear less scattered than the UVP estimates
for the same relative freeboards (Figure 9). Furthermore, cumulated volumes result in larger values of q
for null freeboard and Irribarren parameter ξ less than 1.8 (Figure 9b), i.e., in the case of breaking waves.
Within this same range, the elaboration of the UVP data leads to underestimation with a maximum
mean error equal to 40%.
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Figure 9. Relative overtopping discharge obtained from UVP (dot symbols) and from volumetric
measurements (cross symbols), compared with the EurOtop formulae (5% under and upper exceedance
limits in dotted lines). Panels (a) and (b) show tests with Irribarren factor ξ greater and less than 1.8,
corresponding to the offshore slope equal to cot(αoff) = 2 and 4, respectively.

5.3. Estimation of the Individual Wave Overtopping Volume Distribution

The first analyses on the individual wave overtopping volumes V at coastal structures were
performed by [67,68] and later applied to traditional [69,70] and innovative sections [71], showing that
the overtopping volumes essentially follow a Weibull distribution, characterized by scale and shape
factors, namely a and b, respectively.

On the parameterization of b, [69,70] proposed a formulation depending on the relative crest
freeboard in the case of low-crested steep slopes and over-washed dikes respectively, and [72] developed
a new formulation for b as a function of the overtopping rate q for both permeable and impermeable
structures and for any crest level. This formulation was also the one adopted by [38].

For a selection of the performed tests, where the UVP results were demonstrated to be accurate in
comparison with the measured mean overtopping rates (i.e., the white and light grey circles in Figure 8
were excluded, as they do correspond to errors greater than 20%), the distribution of individual wave
overtopping volumes was studied. For each test, the obtained values of V were treated as stochastic
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variables and associated with an exceedance probability distribution that can be well represented by
the two-parameters Weibull distribution [38], originally found by [68], as:

P(Vi ≥ V) = exp
(
−

(V
a

)b)
(10)

where P
(
Vi ≥ V

)
is the probability that the i-th individual volume Vi is greater than the specified

volume V.
Figure 10a shows the upper 20% exceedance probability distribution of V for a sample test with

Rc/Hs = +1 and cot(αoff) = 2. In the figure, the V-values are normalized with the mean volume of
the distribution V. The angular coefficient of the Weibull fitting line, reported in the panels together
with the coefficient of determination R2, is the b-factor. Overall, the data show a linear trend.
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Since the parameterization of the a-values is nowadays consolidated by the scientific
community [38], the resulting b-values obtained from UVP data were compared (Figure 10b) with
the formula presented by [72]:

b = 0.73 + 55·
(

q
gHsTm−1,0

)
(11)

In the literature, there is no specific criterion to select the portion of the distribution of
the overtopping volumes to fit the Weibull’s b parameter [73,74]. Some authors suggest to fit b
on the whole V-distribution, while other studies [70,75–77] adopt a certain percentage of the upper tail
of the distribution (50%, 30%, 20%, and 10%) to get an estimate of b based on the “extreme” volumes
only. Based on the analyses performed by [76], in this work the b-values were estimated from the upper
20% values of V-distribution. This choice yields results that are in good agreement with Equation (11)
with maximum error of around 40% for few tests (see Figure 10b).

6. Conclusions and Suggestions

Small-scale experiments on wave overtopping over smooth dikes were carried out in the flume of
the Laboratory of Hydraulic Engineering at the University of Bologna. Different irregular wave attacks
and structure configurations were tested by varying the dike slope, the crest width and freeboard.

The overtopping of irregular waves at dike crest with null or positive freeboard is a transient
process, leading to challenging conditions for measurements, since shallow and highly turbulent
waters with aerated surfaces, including alternating dry and wet conditions, require instrumentations
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with specific settings and low disturbance to flow propagation. For this purpose, three UVP probes,
deployed along the structure crest, and a GoPro camera with a field of view focusing the dike,
were adopted to measure the dynamics during wave overtopping, in addition to a volumetric tank to
obtain the mean overtopping discharge values.

After filtering backscatter and velocity profiles on the basis of assessed thresholds on the normalized
backscatter standard deviation and maximum values, the flow depths from UVP were indirectly
derived and the mean overtopping discharge and the instantaneous overtopping volumes were
assessed for each analysed test.

Image processing was implemented by means of a clustering algorithm for the detection of
the free surface over the crest. After the image calibration and training to produce a classifier’s matrix,
the development of pattern recognition allowed obtaining water depths on the dike crest.

The derived water depths from UVP and images were analysed in terms of spectrum densities,
while the mean overtopping discharges were compared with the volumetric measurements and with
predictions by [38].

The simultaneous measuring of water depths and velocity profiles from UVP data allowed
reconstructing the temporal evolution of the individual wave overtopping volume distribution at
the dike crest, and the derived values were compared with the two-parameter Weibull distribution [38]
using the formula by [72].

The overall fair agreement of the performed comparisons demonstrated the effectiveness of
the mono-static acoustic technique, characterized by the advantage of measuring flow depth and
velocity synchronously in a reasonable time step. While the adopted non-intrusive instrumentations
were flexible to a variety of conditions (breaking/non-breaking waves), some improvements are
possible. Notably, there are limitations in the use of the acoustic profilers related to (i) the minimum
seeding needed to guarantee a sufficient volume backscatter, especially in cases of high overtopping
discharges; and (ii) side lobe effects, which limit velocity measurements close to the water–air interface,
where higher velocities occur.

To overcome these encountered limitations, the volume scattering should be enhanced and
the surface scattering limited to eventually avoid saturation and enable the detection of the Doppler
effect at water gates. This could be achieved with artificial seeding to be injected under a controlled
procedure in relation to the recirculating discharge (i.e., increased seeding for higher overtopping
rates). Additionally, the water surface effectiveness in masking volume scattering could be reduced
by limiting side lobe effects. That would be particularly relevant for the measurement of maximal
velocities close to the water–air interface. This requires UVP probes in a bi-static configuration similar
to the ADVP-2C by Ubertone [78]. The ultrasound emission along a vertical beam is taken apart from
reception at two slant receivers, which noticeably reduces the side lobe affected thickness and provides
the measurement of two components of flow velocity.

Concluding, after adjusting light exposure for videography and to artificial scattering in water
and settings for acoustic probes, the integrated use of UVP and camera was demonstrated to be
a reliable non-intrusive experimental apparatus to characterize dynamics induced by waves over dikes.
The setup is suitable to describe wave front propagation across the crest and measure wave-by-wave
overtopping discharges.
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Abbreviations

a Scale parameter of the Weibull distribution (m3)
b Shape parameter of the Weibull distribution (-)
BS UVP backscatter (Wm−2)
BSmax UVP normalized maximum backscatter (-)
BSn UVP normalized backscatter (-)
BSstd UVP normalized backscatter standard deviation (-)

〈BSstd〉
Gate-averaged normalized backscatter standard
deviation (-)

c Sound speed (m s−1)
d UVP diameter (m)
EL UVP intensity level
f Friction coefficient (m)
fd Doppler shift frequency (s−1)
f0 UVP signal frequency (s−1)
fpr f UVP pulse repetition frequency (s−1)
g Gravity acceleration (m s−2)
Gc Crest width of the dike (m)

h
Water depth or thickness over the dike crest
(instantaneous) (m)

hmean Mean water depth or thickness over the dike crest (m)
hsl UVP side lobe affected thickness (m)
Hs Significant wave height (m)
Lm−1,0 Spectral wave length (m)
M Image class number (-)
x Horizontal coordinate over the dike crest (m)
q Mean overtopping discharge or rate (m3 s−1)
P Volume probability of not exceedance (-)
PMMA Acronym of “Poly(methyl methacrylate”
PSD Power spectrum density (m2 s)
r UVP spherical spreading or ranging distance (m)
R2 Coefficient of determination (-)

Rc
Crest freeboard over SWL of dike (negative if the dike
is submerged) (m)

sm−1,0 Wave steepness based on spectral period (-)
SWL Acronym of “Sea Water Level”
Tm−1,0 Spectral wave period (s)
Tp Peak wave period (s)
Tpr f Pulse repetition period (s)
u Horizontal velocity over the crest (m s−1)
UVP Acronym of “Ultrasound Doppler Velocity Profiler”
vr UVP radial velocity (m s−1)
V Wave-by-wave overtopping volume (m3)
V Mean overtopping volume (m3)

wg Acronym of “Wave Gauges”
wd Water depth at the wave-maker (m)
W Image classifier matrix (-)

z
UVP maximum distance between the probe tip and
the free surface (m)

αoff Offshore slope of dike (◦)
γ Peak enhancement factor of Jonswap spectrum (-)
γb Factor representing the influence of a berm (-)
γf Factor representing the influence of the roughness (-)
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γv Factor representing the influence of a wave wall (-)
γβ Factor representing the influence of oblique waves (-)

θ
Angle between the UVP central beam and the vertical
axis (◦)

δθ Mean water surface slope (◦)

ξ0,m−1
Irribarren-Battjes breaker parameter based on spectral
wave period (-)

ϕ Half beam width (◦)
σ Standard deviation
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