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Abstract

This contribution presents the effectiveness and the potentialities of a consolidated technique —
the video-cluster analysis — to the study of turbulent flow and breaking waves, in order to
demonstrate its suitability as a low-cost, non-intrusive method to derive quantitative key
parameters describing the wave-structure interaction processes at coastal defense structures.
To this purpose, a new methodology, consisting of a series of pre- and post-processing
techniques developed to optimize the automatic detection of clusters in video imagery, was
designed to process the video-records of experiments of wave run-up and wave overtopping at
sea-dikes subjected to irregular waves. The results of the cluster analysis were elaborated to
reconstruct the instantaneous profiles of the free-surface elevations across the structure crest
and derive simultaneous information on overtopping volumes, discharges, depths and velocities,
and to get spatial-time maps of the concentration of the air entrapped in the liquid phase. The
accuracy of the methodology is demonstrated by comparing the quantities derived from the
cluster analysis to laboratory measurements performed with resistive gauges and acoustic
Doppler profilers. The novelty of the work is either represented by the results of the application
of the cluster-analysis and by the procedures of optimizations, whose ensemble may establish
a best practice and represent a guideline for other applications.

Keywords: Videography; cluster analysis; wave-structure interaction; wave overtopping; air
entrainment; crown walls
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1. Introduction

The analysis of the interaction processes between waves and coastal structures is still a
challenging task, due to the highly turbulent flow conditions, the non-linear dynamics, the
occurrence of the wave breaking and the air entrainment (Aleixo et al., 2018; Raby et al., 2020;
Stringari et al., 2021). Time and spatial resolution of the measurement techniques poses
limitations to the type and accuracy of the observations such as the size and distribution of the
bubbles in the water flow (Na et al., 2015).

Different traditional measurements or combinations of measurements are available, including
impedance probes (Waniewski et al., 2001; Cox and Shin, 2003), conductivity probes (Chanson,
2002; Hoque and Aoki, 2005; Mori et al., 2007), optical fibre probes (Blenkinsopp and Chaplin,
2007; Lim et al., 2008), imaging and acoustics-based methods (Deane and Stokes, 2002; Gaeta
et al. 2020), imaging and optical fibre techniques (Rojas and Loewen, 2010; Na et al., 2015),
dual-tip resistance-type probe and Acoustic Doppler Velocimeters (Mori and Kakuno, 2008).
Since the 2010’s, the widespread use of laser scanners prompted a number of successful
applications related to the monitoring of the wave motion (Blenkinsopp et al. 2012; Streicher et
al., 2013) and to the wave run-up and overtopping at coastal dikes (Hofland et al., 2015).

The development of Particle Image Velocimetry (PIV) in the 2000s provided a powerful
technology to analyze velocity and turbulence fields in breaking waves (a.o. Oh et al. 2008;
Drazen and Melville, 2009), with some limitations due to the unsteady, non-linear, high-speed
process. Techet and McDonald (2005) concluded that significant improvements to the air
seeding technique were needed to increase the flow resolution and resolve small scale vorticity.
Kimmoun and Branger (2007) observed that the main difficulties in the PIV application were to
automatically detect the free surface during wave breaking and to avoid laser light reflection by
the air bubbles toward the camera. Duz et al. (2020) analysed the kinematics of spilling and
plunging breakers, highlighting that the main measurement challenges are the reflections from
the air/water interface and from the air entrapped in the breaking region, while the main post-
processing challenges were due to the huge number of images and to the application of masking
algorithm. Recent works highlighted that the PIV measurements are still extremely “expensive”
(i.e. time consuming). Lim et al. (2015) measured the flow properties in the aerated crest of a
plunging breaker by using modified PIV and bubble image velocimetry (BIV). The authors spent
several months to complete the 20 repeated runs of the same tested condition to collect data
from all the available measurement devices, finding that the generated waves were highly
repeatable only before breaking.

Another peculiar technique to detect the wave breaking is represented by the use of infrared
imagery, based on the fact that the surface temperature of the ocean is generally a few tenths
of degrees Celsius less than the bulk water temperature immediately below (Robinson et al.,
1984). Breaking waves momentarily disrupt the cool skin layer and the surface temperature
becomes approximately equal to the bulk water temperature. The effectiveness of the infrared
imagery to the detection of the wave breaking has been investigated for deep water (Jessup et
al., 1997a), microbreaking waves (Jessup et al., 1997b) and, more recently, in the surf zone
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(Carini et al., 2015). Siddiqui et al. (2001) employed simultaneously the infrared imagery and the
measurements analysis to reconstruct the velocity fields of breaking waves, while Buscombe
and Carini (2019) applied deep convolutional neural networks to classify the wave breaking type
(e.g., non-breaking, spilling, plunging) from infrared imagery of the surf zone.

Summarizing, the direct measurement of the wave breaking characteristics requires the
introduction of numerous instruments during the same campaign, such as resistant gauges,
velocimeters, water volume trapping in tanks, pressure sensors, PIV — which may be
unaffordable for economic and practical reasons. Furthermore, especially at small scales of
laboratory tests, such a huge installation of instrumentation might not be recommendable due to
the potential disturbance to the investigated processes (Soares-Frazéo et al., 2009).

A relatively economic and non-intrusive alternative to the traditional techniques is represented
by the use of video imagery, whose application in the coastal engineering is long-term lasting.
For several decades, the coastal image data collected by monitoring systems such as ARGUS
(Holman and Stanley, 2007) were elaborated to detect the wave characteristics (De Vries et al.,
2011; Bechle and Wu, 2011), and to measure the wave run-up (Almar et al., 2017) on beaches.
The diffusion of high-resolution digital camera allowed relatively simpler and cheaper
applications of the videography, from the detection of the wave breaking on beaches (Almar et
al., 2012) to the analysis of the wave viewing angle (Perugini et al., 2019). Vousdoukas et al.
(2014) combined the laser scanning technique to a video camera monitoring to model the free-
surface elevation and the wave-by-wave morphological changes in the swash and surf zones.
Advances on the stereo processing of sea surface waves (Benetazzo et al., 2015) highly reduced
the computational resources required to analyze a sequence of stereo images, allowing the
employment of fast stereo video imaging and 2D laser slope gauge study in laboratory to gain
information on the three-dimensional structure of the wind-wave field (Zavadsky et al., 2017).
Gaeta et al. (2020) combined monostatic ultrasound velocity profiler to low cost videography
which eventually provided the overtopping discharge at scaled dikes in laboratory. The results
of these hybrid technologies highlighted that the use of the video camera may add valuable
information to the laser scanner and improve the accuracy of the results.

Imagery-based analyses often require a significant amount of calibration to yield reliable results
and less generically applicable results (Den Bieman et al., 2020). The wide diffusion of machine-
learning techniques, instead, led in the last years to numerous and innovative applications of the
image processing (e.g., Li et al., 2021). Among others, Stringari et al. (2019, 2021) made use of
machine-learning techniques based on the pixel intensity peaks to detect the wave breaking;
Buscombe et al. (2020) applied deep learning techniques to estimate wave heights and periods
from imagery of waves in the surf zone; Den Bieman et al. (2020) used segmentation algorithms
to obtain quantitative measurements of the free surface elevation and of the wave run-up from
the video-analysis of physical model tests. These latest studies demonstrate the reliability of the
automatic processing of videography, highlighting its effectiveness and advantages with respect
to more traditional techniques.
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Following the stream of the machine-learning algorithms, this paper investigates the
effectiveness and the potentialities of the automatic video-cluster analysis as low-cost and non-
intrusive method to model the wave-structure interaction processes in alternative to more
traditional or expensive techniques. In particular, the aim of the present contribution is to
demonstrate that such technique can be easily and successfully applied to study the wave run-
up and wave overtopping phenomena, under wave breaking, high-turbulence and high-aerated
flow conditions, providing accurate quantitative estimations of the main overtopping parameters
(discharge, volumes, velocities) and, for the first time, quali-quantitative estimations of the air
entrainment concentration during the several phases of the wave and flow propagation. To the
authors’ purpose, the video-records of laboratory tests of wave overtopping at sea-dikes
(Formentin et al., 2019a, 2019b, see Section 2) were elaborated with a frame-by-frame cluster
analysis algorithm (Section 3) to reconstruct the free-surface elevation signals across the
structure profile (Section 4) and to get spatial-time mapping of the areas of the flow subjected to
air entrainment (Section 5). Specific pre- and post-processing filtering techniques were also
implemented to improve the automatic recognition of the image features (Section 3), outlining a
new set of procedures that may represent new state-of-the-art guidelines for the optimization of
the automatic cluster analysis. The main results, the potentialities and the limits of the image
processing procedure are summarized (Section 6).

2. Description of the tests

2.1.Tested configurations

The videography-modelling technique presented in this contribution was applied to a total of 184
small scale experiments of irregular wave attacks against smooth dike-type structures conducted
in the wave flume of the Hydraulic Laboratory of the University of Bologna (Unibo). The
experiments consisted of 56 tests of wave run-up and wave overtopping at dikes characterized
by a plain, trapezoidal cross-section and 128 further tests of wave overtopping and wave loads
against the same dikes upgraded with crown walls, included in correspondence of the on-shore
edges.

A wide-angle picture of the wave flume and a front-view picture of the structure with the crown
wall installed at the end of the flume are shown in Figure 1.
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Figure 1. Wide-angle view of the wave flume (left) and front-view of the structure with crown wall
installed at the end of the flume (right).

Figure 2 shows the scheme of the cross-section of the tested configurations, providing reference
to the symbols and parameters which will be adopted hereinafter. Following the EurOtop (2018)
classification of the structure types, and in line with published articles on the Unibo experiments
(e.g. Formentin and Zanuttigh, 2019), the crest width of the dikes is hereinafter considered and
schematized as a berm (width B, emergence to the swl hy<0).

o
T
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\/ '7 h,<0
Lot -
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Figure 2. Schematic layout of the tested configurations (not in scale) with reference to the
symbols and parameters.

All the tested cross-sections presented the same structure height from the bottom of the channel
to the berm level (hc in Figure 1) equal to 0.35 m and the same distance between the berm off-
shore edge and the wave maker (L,-B) equal to 10.75 m. The range of variations of all the other
structural parameters were made varying: dike slope cot(aq)=2 and 4; berm width B= 0.15 and
0.30 m; berm relative emergence to the wave height, hs/Hmo=0, -0.5 and -1 (this latter case, only
for tests without walls); crown wall height h,=0, 0.04 and 0.05 m.

The plain dike configurations were subjected to 6 target wave conditions realized by varying the
significant wave height, Hn¢=0.04, 0.05 and 0.06 m, and the spectral wave periods Tp.1,0 to get
the 2 target wave steepnesses Sm.1,0= Hmo/Lm-1,0=0.03 and 0.04, where/Ln.1,0is the wave length
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calculated from Tp-1,0. The configurations including also crown walls were instead subjected to 4
wave conditions (Hme=0.05 and 0.06 m and sm.1,0=0.03 and 0.04). The wave attacks were all
characterized by Jonswap spectra, with a peak enhancement factor of y=3.3 and consisted of
approximately 500-600 waves (according to the target peak wave period, Tp).

The structures were all realized in plexiglass (giving a roughness factor y=1) and the walls (when
presents) were deeply clamped in the berm to avoid overturning.

2.2.Laboratory equipment

The wave flume at Unibo, largely described in Formentin and Zanuttigh (2019a) and Gaeta et al.
(2020), is 10 m long, 0.5 m wide and 1.0 m deep. It is equipped by a piston-type wave-maker
with a special cuneiform shape, which generates the waves by its vertical movements. The
scheme of the wave flume, including the installed structures and instrumentation for the present
tests is shown in Figure 3.

Piston-type 11.05

Crown wall
wave-maker 10.75
485 0.13 ‘ '/
— 016 ——
Channel ) T T | ) U\(/}I;;:Jd
@ niake \ [ I| \ e Wmﬂ_
a D1D2D3
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Sluice- gate vtoclruargz
opening )
Pump l
Recirculation,
—
system
0.15 0.30

(D1 D2 D: (D1 D2 D3

0.103_(0.140

(b)

7 0.045
0.045

035

0.35

ot

Figure 3. (a) Scheme of the wave flume, structures and instruments installed; (b) particular of
the dikes (cot(aq)=2 and 4), position of the UVPs (D1, D2, D3 in the 2 berms, B=0.15 and 0.30
m) and of the camera Measures in m.

With reference to Figures 1, 2 and 3, the instrumentation adopted in the laboratory consisted of:

e achannel intake — located upstream the wave-maker and separated from the channel by a
vertical sluice gate with a small opening at bottom and connected to the recirculation flow —
with turbulence dissipation in a still water volume; the system pump-recirculation flow allows
to keep the water level difference in the channel within a 4 mm range for each test.
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e a water tank downstream the wave flume and connected to the recirculation conduit, to
collect the overtopping volumes and discharge, with a precision in the measure of g of
approximately 1-10° m¥/s.

e 6 resistive wave gauges (wgs) so installed: the first one in the settling chamber to measure
and regulate the recirculation flow; the second one at approximately half wave length
(0.5:Lm.1,0) from the wave-maker to control the generated free-surface elevation; the
following 3 at =1.5-Ln.1,0 to separate the incident and reflected waves (the exact position is
shown in Figure 3a with red color); the last one in correspondence of the mid-section of the
berm width to measure the overtopping layer thickness. The sampling frequency of 100 Hz
was selected for all the gauges.

e 3 Ultrasonic Doppler Velocimeters (UVPs) installed along the structure berm to record the
time series of the vertical profiles of the horizontal flow velocities u and track the free surface
elevation h. The positions of the three UVPs, shown in Figure 2b in green color and
referenced as D1, D2 and D3, were selected to reconstruct the statistics of h and u in
proximity of berm off-shore edge (D1), in the berm mid-section (D2) and close to its in-shore
edge (D3).

e a30 Hz full-HD camera (resolution 1080x1920 pixels) employed to film the wave run-up, the
flow over the crest, the overtopping process and the wave impacts at the walls (when
present); the camera was placed at the exactly perpendicular position to the side window of
the wave flume where the dike was located, see Fig. 3b; a “darkroom” was set up around
the channel in correspondence of the camera — visible in Figure 1 to the right — to optimize
the light condition for filming.

2.3.Laboratory measurements

The following “direct” measurements were performed during the experimental tests:

o the time series of the free-surface elevations (h) at the wgs installed in the channel;

e the average specific wave overtopping discharges (Qunm, m®(ms)) calculated from the
volumes stored in the tank;

* the time series of the overtopping flow characteristics (depths h and velocities u) over the
berm from the records of the 3 UVPs;

e the records of the experiments filmed with the full-HD camera.

From the elaboration of the “direct” measurements, the following further results are available:

* significant incident wave heights (Hmo) in front of the structures and bulk wave reflection
coefficients (K));

e the instantaneous overtopping wave volumes for unit width (V, m3m) from the integration of
the h-signals in the time-domain recorded at D1, D2 and D3 from the reflecting water-air
interface of the projected acoustic beams;

« the average specific overtopping discharges, qvo (m3/(m s)) at D1, D2 and D3 obtained as
sum of the corresponding instantaneous V-values to the duration of the test (480 s);
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« the wave celerities (c), the celerities of propagation of the water front above the berm width,
from the coupling of the UVPs records of the h-values at D1 an D3; for each wave
overtopping the berm, the instantaneous wave celerity is calculated as the ratio between the
known-distance between D1 and D3 (diswg=0.090 and 0.243 m for B=0.15 and 0.30 m,
respectively, see Figure 3b) and the corresponding time lag between detected h wave peaks
at D1 and D3;

o the specific overtopping discharges, gecer (Mm%/(m s)) calculated from the integration of the
wave celerities ¢ with the water depths h; for shallow water conditions, under the hypothesis
of kinematic wave propagation, flow velocities and wave celerities can be assimilated.

The ranges of the main parameters resulting from the experiments are reported in Table 1,

where:

e ¢m10is the Iribarren-Battjes breaker parameter resulting from the values of the spectral wave
height (Hmo) and spectral wave length (Ln-1,0) measured at the toe of the structure;

e Ro/Hmo is the structure relative freeboard (considering the crown wall height) as measured
in the lab, i.e. accounting for the mean swl in the wave flume during the test; the negative
values of Ro/Hmo<0 (tests on dikes without walls only) are obtained when the mean swl
increased during the test, giving a slightly submerged berm level;

o the symbol “*” following the gran-values (tests with walls) indicates that the value reported in
the Table is the minimum non-zero value, whereas some tests actually gave no overtopping
(qmnk=o);

Table 1. Ranges of the main parameters resulting from the experiments. The symbol “*” indicates
that the minimum non-zero value is reported.

Qtank
fm-1,0 Rc/Hmo [m3/sm]
# tests without wall

(hw=0)

#tests with wall | [1.23;4.03] [0.66;2.51] [1.09e-5%; 7.00e-4]

[1.19;3.72] [-0.19;1.12] [1.90e-4; 5.00e-3]

Further reference to the laboratory measurements and results can be found in: i)Formentin and
Zanuttigh (2018) and Formentin and Zanuttigh (2019a) for the characterization of the data of g;
ii) Formentin et al. (2019a) and Gaeta et al. (2020) for, respectively, the presentation of the
overtopping flow processes across the berm (data of h, u and V) and a detailed description of
the elaboration technique of the data from the UVPs; iii) Formentin and Zanuttigh (2019b) as
regards the wave coupling technique, the wave celerities and related quantities (e.g., geel).
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2.4.Characteristics of the selected tests

The accuracy of the image processing methodology is assessed in Section 4 by showing the
results of the cluster analysis applied to the reconstruction of the free-surface elevation for 8
tests selected among the whole database.

The selected tests, whose characteristics are reported in Table 2, cover the variety of the
geometrical configurations tested in the laboratory (the 2 slopes, cot(aq)=2 and 4; the 2 berm
relative submergences hs/Hmo=0 and-0.5 and the 2 berm widths, B=0.15 and 0.30 m). The 2
slopes were selected to specifically investigate the results of the procedure under both breaking
(cot(aqg)=4) and non-breaking (cot(aqs)=2) wave conditions, as determining completely different
run-up and overtopping flow processes.

The wave conditions are the same for all the 8 tests (target wave height Hs=0.05 m and target
wave steepness sm-1,0=0.03) and all the configurations refer to structures without walls. For these
tests, the main overtopping flow characteristics were by elaborating the free-surface elevation
signals recorded at virtual gauges conveniently set up above the structure berm (Sub-section
4.1). The “virtual” overtopping flow characteristics are then compared to the corresponding
quantities measured in the lab from “traditional” techniques (Sub-sections 4.2 to 4.4).

Table 2. Summary of the 8 experiments elaborated with the video-cluster analysis.

Test ID TestID cot(ad) [[] B[m] ho/Hmo
ROOH05s3B30c2  TD1 2 0.30 0
ROOH05s3B15c2 ~ TD2 2 0.15 0
RO5H05s3B30c2  TD3 2 0.30 0.5
RO5H05s3B15c2 ~ TD4 2 0.15 0.5
ROOH05s3B30c4  TD5 4 0.30 0
ROOH05s3B15c4  TD6 4 0.15 0
RO5H05s3B30c4  TD7 4 0.30 0.5
RO5H05s3B15c4  TD8 4 0.15 0.5

3. Description of the methodology

This Section describes the image-processing methodology developed to reconstruct a series of
parameters and data related to the wave overtopping and the wave impact processes from the
analysis of the video-records of the experiments conducted at Unibo. The methodology is based
on the cluster analysis of the frames and on the automatic extraction of “features” from the
images and includes a number of pre- and post-processing techniques specifically designed to
improve the automatic detection phase. The image clustering technique, which was originally
used by Gaeta et al. (2020) to reconstruct the water depth at dike crest, has been upgraded to
meet the following objectives i) tracking the free-surface of the water along the slope and above
the berm; ii) reconstructing the shape and the height of the up-rushing jet along the wall during

9
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the impact events; iii) estimating the amount of air bubbles entrapped in the overtopping flow
and beneath the water tongue during the impacts.

The open-source toolbox “PRTools” (Pattern recognition Tools,
http://prtools.tudelft.nl/?from=www.website80.com; Duin and Pekalska, 2015) developed by TU
Delft was adopted for the cluster analysis and the features extraction from the videos.

All the implemented algorithms and the image filtering techniques are tuned to fit the specific
site conditions, the camera characteristics (resolution, frequency of acquisition, etc.) and the
environmental features (light, blur, channel shape and size, etc.). However, the ensemble of the
methodology might represent a “best practice” exportable to other applications related to the
image processing of video-records of experiments on coastal structures.

The main steps composing the methodology are illustrated in the following Sub-sections.

3.1.Calibration

The first step prior to any image processing consists in the camera calibration. This step is
necessary to evaluate and correct the image distortion due to the camera lens and to extract the
information required to convert the data minable from the images from the camera intrinsic
coordinate system (pixels) to world points (m). The camera calibration requires a specific video
to be performed after each power on of the camera and before starting filming the experiments.
The resolution and the size of the calibration video must be the same set up to record the
experiments.

The calibration of the camera was performed following the approach indicated by Bouget (2015)
(see Figure 4): a planar checkerboard was moved in front of the camera in correspondence of
the structure in the wave flume. A few images presenting the checkerboard in different positions
with respect to the structure were taken. The intrinsic coordinates (pixels) of the corners of the
squares are automatically detected (red dots in Figure 4c) and the corresponding world
coordinates are generated (Figure 4b) by knowing the metric extrinsic size of the checkerboards
(30 mm). Finally, the camera calibration parameters are calculated: the rotation translation matrix
and the translation vectors to be used to convert all the data from the videos of the experiments
from intrinsic to world coordinates. The camera calibration process involves the evaluation of the
skewness and of the tangential distortion and returns the estimation of the mean projection error
per image (Figure 4b) due to lens distortion, optical errors and 2D-3D projections. In the example
of Figure 4b such error ranges approximately between 1 and 2.5 pixel per image, i.e. between
0.3 and 0.75 mm. Generally, it was verified that the projection error was always less than 1 mm
per image.

To evaluate the accuracy of the calibration process before carrying out and filming the
experiments, it is suggested to select a sample frame for validation. By comparing the main
geometrical distances (e.g., width of the berm or slope angle of the dike) of the picture to the
corresponding real dimensions, the relative errors characterizing the conversion process can be

10
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computed. In the present application, relative errors between 0.6 and 2% were found for the
lengths and between 0.5 and 2.5% for the slope angles.

Once calibrated the camera, it was possible to run and film the experiments. For each set of
tests performed after each power on of the camera, the same calibration parameters, conversion
factors and projection errors were assumed.

Extrinsic Parameters Visualization

-150

Y (millimeters)

200

100

Z (millimeters) 9 X (millimeters)

Mean Reprojection Error per Image

Mean Error in Pixels

— — — — Overall Mean Error: 2.00 pixels
[T

Images

Figure 4. (a) Extrinsic camera visualization (world coordinates) of the 3 images used for the
calibration; (b) mean camera projection error per image (pixels); (c) images (1-3) used for the
camera calibration and checkerboard points (red dots) automatically detected.

3.2.Pre-clustering optimization techniques

The pre-clustering techniques were designed to improve the accuracy of the automatic detection
of the different objects (water, air entrainment, structure, etc.) as much as possible. The following
techniques were applied to each frame of each video and in the following order.
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i) Image subtraction: the first frame — representing the structure in the channel and the initial
swl conditions before running the waves and named “frame 0” hereinafter — was subtracted
from each frame of the record. Subtracting an image from another image means subtracting,
pixel by pixel, the digital numeric value of the second image from the first one. This process
allows levelling uneven sections of an image, such as shadows, reflexes or blurs, and
removing all the fixed elements present in all the frames (for example, the shape of the
structure or the border of the walls of the channel). After the subtraction, only the elements
differing from the “frame 0” are kept, i.e. the water and its evolution.

ii) Conversion into grayscale, to reduce the size of the image avoiding redundant information
stored in the color-scale picture. The use of grayscale images is also recommended to ease
the pattern recognition step and for the application of the functions related to the image
adjustment (i.e. noise add, light and contrast adjustment, application of morphological filters,
etc.).

iii) Noise add: when large portions of the images result too uniform for the pattern recognition,
the training of the cluster model fails. The application of a Gaussian white noise is useful to
solve this shortcoming. In the present case, a Gaussian noise with a mean of 0 and a
variance from 0.001 to 0.003 was applied. The variance values should be tuned for each set
of experiments filmed after the same camera power-on through a trial-and-error process
commanded by the cluster training phase. The more uniform the images, the higher the
variance of the noise to be included.

iv) Enhancement of the contrast of the grayscale image using a contrast-limited adaptive
histogram equalization (uniform histogram with a contrast enhancement limit = 0.03).

Figure 5a shows an example frame as taken from the camera, while Figure 5b shows the same
picture as resulting from the application of the pre-processing techniques.

3.3.Image clustering

The clustering is the task of grouping different “objects” (or patterns) of a picture into clusters so
that the objects in the same group are more “similar” to each other than to those in other groups
(clusters). An ideal clustering would recognize, for example, all the pixels composing the water
as actually belonging to the same cluster. An automatic clustering can detect patterns
(similarities among objects) in the images that are “invisible” to the human eye and extract
quantitative information otherwise hardly accessible (e.g., estimate the amount of air entrapped
in the water phase).

Numerous clustering algorithms are available and several categorizations can be done upon
different aspects (Duda et al., 2012). In the present study, the image clustering was performed
with the toolbox PRTools by selecting the Expectation—Maximization (EM) algorithm (Dempster
et al., 1977): it is an unsupervised, probabilistic, iterative method to partition data into clusters
based on maximizing the likelihood to find the statistical parameters of underlying sub-
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populations in the dataset. Once defined the total number of clusters, the EM algorithm classifies
the objects into temporary clusters (E step), which are re-assigned iteratively after the evaluation
of the “similarity” (or distance) of the objects within the same cluster (M step). The iterations may
stop after a certain number of attempts (early stopping) or when the subdivision of the objects
into clusters is stable, i.e. when an object is definitely assigned to a cluster. The EM algorithm
performs a partitioning clustering and, requiring the a priori definition of the number of clusters,
relies on the analyst’s knowledge to classify the clusters in a meaningful way. According to the
syntax of PRTools, the labeling “crisp” was selected to apply a boosted version (generalized k-
means algorithm) of the traditional EM algorithm.

To perform a cluster analysis of a video record, it is necessary to train a cluster model map, i.e.
to create an example of clustering of the objects composing a frame to be used as reference
(model map). The frame selected for the training must be representative of all the frames of the
record and, in particular, must include all the clusters of objects that may appear in a frame
(water, solid structure, air entrapment, etc.). The number of clusters to be identified in each frame
depends on the image quality (e.g., light exposure, flow patterns over the crest, drops on the
walls of the channel), on the expected turbulence level and — in general — on the objective of the
analyses. The summary of the features selected for the training of the cluster models is reported
in Table 3.

The analysis of the experiments on dikes without walls were focused on the tracking of the free
surface only, disregarding the analyses of the areas of the flow affected by air entrainment. For
these tests, the frames for the training were therefore selected to reproduce an instant of wave
overtopping characterized by a pseudo-steady overflow process and no (or modest) turbulence
and no bubbles. A number of 2 clusters was setup for the training of the cluster model map,
which basically corresponds to the objects “water” and “non-water”. The edges of such clusters
represent the interfaces water-structure and water-air, and this latter one can be directly taken
as free-surface. An example of a frame selected for training is shown in Figure 5a (original
picture). The cluster model map of this frame returned with the training is shown in Figure 5c:
here, the 2 clusters are clearly distinguished and the free-surface interface is sharp.

On the contrary, the video-analysis of the experiments on dikes with walls was also aimed at
tracking the profile of the water jets along the walls and at detecting the areas of the flow more
frequently subjected to turbulence and air entrainment. To this purpose, the training frames were
selected among images representing a fully-broken wave propagating above the berm,
characterized by a high air entrainment rate. An example of training frame is reported in Figure
6a. This example shows that the bi-phase flow is characterized by different shades of color and
brightness. To “capture” all the different shades and to correctly cluster all the area of bi-phase
flow as such, it was necessary to define “redundant” clusters of objects. Specifically, 5 clusters
were set up for the experiments on walls to ideally group the image objects into the classes
“water”, “structure” and “air entrainment”, where the latter class “air entrainment” was expected
to appear into up to 3 clusters. The association cluster-objects varied for each experiment,
because each experiment requires the training of a specific cluster model map, and the training
is a random, iterative process that vary at each run. Figure 6b shows the trained cluster model
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map of Figure 6a: in this map, the areas of the flow that may be concerned by air entrainment
correspond to the clusters 3 and 5 (light blue and yellow, respectively). For other experiments,
3 clusters were necessary to correctly detect the areas with air.

Independently of its level of complexity, the association cluster-objects relies on the human
supervision in the end. All the cluster model maps must be interpreted by the human intelligence
after the training to associate one object to one (or more) clusters.

Table 3. Summary of the features adopted for the cluster training.

Training Number of Analyses performed
Dataset .
algorithm clusters (features)
# tests without
EM-crisp 2 free-surface tracking
wall
free-surface tracking;
# tests with wall X bi-phase flow area estimation;
EM-crisp 5 . . L
wave-impact reconstruction (analysis in
progress)

3.4.Post-clustering optimization techniques

After the image-clustering, the frames are transformed into cluster maps similar to the examples
of Figures 5c or 6b, where each pixel is associated to a label. Post-clustering techniques were
designed to convert the information embedded in the cluster maps of the frames into data for
further elaboration.

3.4.1. Free surface tracking

For the free-surface tracking and the reconstruction of the shape of the water jet during the wave
impacts at the walls, the following post-clustering techniques were applied.

i) Segmentation of the areas of the image automatically labelled as “water”: the segmentation
returns a binary image containing 1 where the function finds edges and 0 elsewhere. The
selected image detection method is based on the “Canny” algorithm (Canny, 1986). Figure
5d shows in red the edges of the “water” resulting from the segmentation of one frame
relative to a test on dikes without walls. In Figure 5d, the contour of the free-surface is
correctly detected, though several, unwanted areas of the frame (drops on the walls of the
flume or other disturbing elements) have been wrongly labelled as “water”, as marked by the
red contour.

ii) To reduce the number of gaps in the edge of the free-surface, the filling of the “holes”
procedure was performed.

14



AlP

Publishing

443
444
445
446
447
448

449
450
451
452
453
454
455
456
457
458
459
460
461

462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

ii)

To remove the disturbing elements, an ad hoc filter based on the area of the “connected
components” of the image was designed: this filter removes all the connected components
that have fewer than 200 pixels, where 200 is approximately the largest realistic area of the
drops on the walls. The preliminary operation of holes filling (ii) ensures that all (or most) of
the adjacent pixels composing the edge of the free-surface are connected and that the
“water” is not removed by the filter.

To remove specifically-shaped disturbing elements in the images “survived” to the extraction
of the connected components, the “morphological filtering” was applied. In a morphological
operation, each pixel of the image is adjusted based on the value of other pixels in its
neighborhood. By choosing the size and shape of the neighborhood, it is possible to
construct a morphological operation that is sensitive to specific shapes in the input image.
The following 2 morphological operations were built: 1) elimination of all the parts of the
figure containing a vertical element of at least 4-pixel length (image erosion), to remove the
edges of the walls of the channel or of the wires; 2) dilation of all the parts of the figures
containing a horizontal element at least 5 pixel-long (image dilation) to enhance and connect
the edges of the berm. The result of the subsequent holes filling, extraction of the connected-
components and morphological filtering of the edges of the “water” is shown in Figure 5e. In
this Figure, it is possible to detect all the edges removed from the original output of the
image clustering and segmentation (Figure 5d) and the marked profile of the structure berm.

Automatic procedure for the free-surface tracking. An if-else, customized procedure was
developed to reconstruct the effective profile of the free-surface, abscissa after abscissa,
from the dike slope to the wall height (when present), disregarding the edges of all the
remaining objects improperly classified as water and which were not eliminated by the
procedures ii) to iv). Such procedure is based on the definition of an initial time condition
and follows a sort of “forward scheme” to identify the nearby points of the free-surface, based
on the assumption of the continuity of the free-surface profile itself. The initial condition is
the actual profile of the free-surface of the first frame, which is prompted by the direct, human
identification of the coordinates through a graphical user interface. The initial condition is
used for comparison for the following frame: for each abscissa, the ordinate of the edges of
the “water” is kept as free-surface of the current frame if it is “sufficiently” close (x 10 pixels)
to the corresponding ordinate of the initial condition. The free-surface is updated for the
current frame and is used for comparison for the following one, and so on. When no value
of the edge of the “water” of the current frame is sufficiently close to the value of the free-
surface at the same abscissa of the previous frame, a comparison among adjacent pixels of
the current frame is performed (forward scheme). Starting from the left-most abscissa (wave
inlet), the ordinate of the nearby pixel of the “water” edges is kept if sufficiently close (+ 10
pixels) to the ordinate of the previous abscissa, otherwise it is discarded. If no points are
accepted for a certain abscissa, a value of “NaN” is assigned for that position. The “NaNs”
correspond to holes in the profile of the free-surface. The value of £ 10 pixels was set after
a trial-and-error procedure and based on the time sampling frequency of the video (30 Hz)
and the spatial resolution of the frame (1080x1920 pixels).

15



AlP

Publishing

484
485
486
487
488
489
490

491

492
493
494

495
496
497

498
499
500

501
502
503
504

505
506
507
508
509
510

511
512
513
514
515
516

517
518
519
520
521

vi) Filtering. Median-filters and adjacent-pixel-filters were designed and applied to the records
of the free-surface as resulting from step v) to fill the holes (NaNs) and smooth the free-
surface profile, removing spikes and discontinuities. The time series of the filtered free-
surface elevation values, for the whole duration of the video, is the final output of the post-
clustering techniques applied to each test. Figures 5f and 6c display the filtered free-surfaces
(blue crosses) for the corresponding frames. The comparison between Figure 5d and Figure
5f shows the effects of the application of the steps i)-vi) to the outputs of the cluster analysis.

3.4.2. Bi-phase flow area detection

The detection of the areas of the flow subjected to entrainment of air bubbles was performed for
the experiments on walls only, through the application of the following post-clustering
techniques.

i)  Segmentation of the areas of the image labelled as “air entrainment”. With reference to the
example of Figure 6b, the areas belonging to the clusters 3 and 5 were labelled as “air
entrainment” upon eye examination of the cluster map.

i) Extraction of the connected components to clear up the areas of “air entrainment” from all
the connected components consisting of less than 20 pixels of area extent (small drops
escaped from the image subtraction).

iii) Morphological filtering of all the mono-dimensional, 10-pixel-length features, to remove the
elements composing the contour of the structure which were wrongly assigned to the “air
entrainment” clusters because their intensity was similar to the one characterizing the bi-
phase flow.

iv) If-else, loop-procedure for the actual estimation of the areas of the flow potentially concerned
by air entrainment. Such procedure processed, abscissa after abscissa, all the pixels
labelled as “air entrainment” survived to the filtering procedures. Each pixel was accepted
as a potential air-element if its ordinate was lower than the ordinate of the water free-surface
for the same abscissa. Therefore, the detection of the bi-phase flow areas is necessarily
posterior to the free-surface tracking.

The example of Figure 6¢ shows in red the contour of the areas of the flow characterized by air
entrainment as returned after the application of the steps i)-iv). The eye analysis of this picture
confirms that these areas do actually correspond to the areas of the flow affected by air
entrainment. The eye-examination of tens of frames randomly selected from the video records
of the tests under different light and wave attack conditions has confirmed that the procedure
detects the areas of bi-phase flow with the same accuracy shown in Figure 6c.

The main application of the bi-phase flow detection analysis was the estimation of the percentage
of the water flow affected by air entrainment. Such percentage was calculated for each frame of
each experiment, by dividing the extent of the areas of air entrainment to the total area of the
flow, estimated as the extent of the convex hull of the object “water” (green line in Figure 6c¢).
The details of the air entrainment analysis are illustrated in Section 5.
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Figure 5. a-b-c) Example frame selected for training the cluster model for a test without wall: a) Image as taken from the camera; b) image as
resulting after the application of the pre-processing techniques; c¢) clustered-model map of the image. d-e-f) Example frame processed with the
cluster analysis: d) edges of the cluster “water” resulting from the image segmentation (red); e) edges of the cluster “water” (red) after the
application of the post-clustering techniques; e) profile of the free-surface elevation as result of the whole image processing procedure (blue).

17



Publishing

AlP

527
528
529
530
531

Pixel

200 400 600 800 1000 1200 1400 1600 1800

——free surface
——air entr. areas
1 Water convex hull

Figure 6. a-b) Example frame selected for training the cluster model for a test with wall: a) image in real-scale colours and light conditions as
taken from the camera; b) clustered-model map of the image. ¢) Example frame processed with the cluster analysis showing: the profile of the
filtered free-surface elevation (blue); the contour of the object “air” (red) after the application of the post-clustering techniques; convex hull of
the object “water” (green).
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4. Results and validation of the methodology

4.1.Image elaboration and creation of the virtual gauges

To elaborate the results of the videography for each of the tests reported in Table 2, it is firstly
necessary to convert the values of the free-surface elevations resulting from the video analysis
from pixels to “real world” coordinates. The conversion is carried out based on the parameters
of calibration of the camera (see Sub-section 3.1).

2 “virtual gauges” were defined to extract the time series of the overtopping flow depths (h) in
correspondence of the off-shore (OE) and in-shore (IE) edges of the berm and, specifically in
correspondence of the position of the UVPs, D1 and D3 (see Figure 3b). These time series were
elaborated to derive the statistics of practical interest (mean, standard deviation, upper-2%
percentiles, hzy4, maximum envelopes), to reconstruct the individual overtopping volumes (V), to
calculate the wave celerities (c) and to estimate the average and instantaneous wave
overtopping discharges (q). The comparison among these quantities and the corresponding
measurements from the lab is used to verify the accuracy of the results of the videography
analysis and assess their uncertainty (Sub-sections 4.1.1 to 4.1.3). Figure 7a illustrates, for an
example frame, the position of the virtual gauges and Figure 7b provides 2 exemplary time series
of the h-values reconstructed at the 2 virtual gauges from the video-cluster analysis.

The quantities ¢, V and g were calculated from the time series of the h-values by applying the
procedure of threshold-down-crossing and wave-coupling developed by Formentin and Zanuttigh
(2019b). This procedure was applied to both the virtual signals and the records of the UVPs. The
procedure consists in the identification of the individual overtopping events based on the
definition of thresholds (shown as circles in Figure 7b) and in the coupling of the events at the 2
gauges based on the comparison of the shape of the h-signals and on the time lag occurring to
an event to propagate from the first to the second gauge, knowing the distance between the 2
gauges (diswg) themselves. An overtopping event is identified in the time domain by 2
consecutive crossings of a threshold (namely, t and t.;). By integrating the h-signal between {;
and ti,1, it is possible to calculate the volume (V) of each i-th overtopping event:

Vi= ;" h(®) dt, [m¥/m] (1)

The sum of the individual volumes for the whole duration of the experiment, gives the total
volume of wave overtopping, Vior:

Viot=ZR9" V;, [m3/m] @)

where Now is the number of overtopping waves (i.e. of the overtopping volumes). By dividing
Viot for the duration of the experiment (480 s), it is possible to estimate the “volumetric” average
specific wave overtopping discharge, quor:

Qo= [m¥(s:m)] 3)

tiot
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Figure 7. a) Definition of the “virtual gauges” for the extraction of the overtopping flow depths, h,
from the videography. The blue crosses represent the free-surface as resulted for this example
frame after the application of the filtering techniques. b) Example time series of the overtopping
flow depths (h) at the 2 virtual gauges (blue, OE edge; orange IE edge). The yellow and green
dashed lines are the threshold for the wave detection at the o.e. and i.e., respectively.
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The quantities Vj, Vier and gvos can be calculated for each test and for both the virtual gauges.
The comparison between the corresponding quantities at the 2 virtual gauges is used as
evidence of the mass conservation. The same quantities are also compared to the corresponding
results from the elaboration of the UVPs signals (see Sub-sections 4.3 and 4.4).

The wave coupling performed by the procedure of Formentin and Zanuttigh (2019b) associates
the instants of threshold-down-crossing of each overtopping event detected at the 2 virtual
gauges (and at the 2 UVPs D1 and D3) namely tj for the virtual gauge at the OE and t2 for the
virtual gauge at the |IE. Given diswg, it is possible to calculate the celerity of propagation of each
overtopping event:

_ diswg

= [m/s] 4)
tio-ti

For each experiment, the mean, the maximum and the upper 2%-values of ¢ can be derived from

the statistical analysis of the ci-values. The wave celerities can be used, to some extent, as

estimators of the overtopping flow velocities u (Formentin and Zanuttigh, 2019b).
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Finally, the celerities can be used to estimate the values of the wave overtopping discharges of
each overtopping event (gce,) and the average overtopping discharges (qgce)):

S e .
Yool ~Cr ~ 1 [m?/(s-m)] (%)
=Z/[\:Ic;wqce/,/

ttot

cel ’ [m¥/(s-m)] (6)
where the second term on the right-side of Eq. (5) is the time-average of the h-values of the i-th
overtopping event. The average qcer can be compared to qva (both the quantities from the
videography and from the UVPs) and to g:an« (See Sub-section 4.2 and Figure 8).

4.2.0vertopping flow characteristics

Figure 8 illustrates the comparison among the values of hzs at the OE and IE as resulting from
the measurements of the UVPs in the lab (abscissas) and from the videography (ordinates) for
the tests TD1-TD8 of Table 2. The average relative errors among the videography and the UVP
values of hzy are +4.1% and +36% for the OE and the IE respectively. In both cases, the positive
sign indicates that the videography tends to give higher estimations of the overtopping flow
depths than the UVPs. The modest error at the OE actually indicates a very good agreement
among the results from the 2 techniques, while the higher uncertainty at the IE can be explained
with the single outlier of Figure 8 relative to the test TD2 (relative error +90%). It was verified
that the cause of the outlier is related to the particularly bad lighting conditions affecting the
quality of the video records, especially in correspondence of the outlet of the wave flume (i.e.
closer to the IE).

0.035
0.030
0.025
0.020
0.015

0.010

hyoe, from video [m]

0.005

0.000
0.000 0.006 0.010 0.015 0.020 0.025 0.030 0.035

hoe, from UVPs [m]

Figure 8. Values of hy, at the OE (blue circles) and IE (orange squares) measured in the lab with
the UVPs (abscissa) and reconstructed from the cluster analysis of the video of the experiments
(ordinate). Tests TD1-TD8 of Table 2.
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4.3.0vertopping discharge

Figure 9 provides the comparison among the values of g measured in the water tank in the lab
(quank, abscissa) and the corresponding estimations derived from the videography for the tests
TD1-TD8. In this Figure, the triangles and the diamonds represent the values of g calculated
from, respectively, the overtopping volumes (qv.) and the wave celerities (qce)). The agreement
among the videography and the water tank values is quantified by the relative errors +19% and
-25% in case of gvos and geer, respectively. Whereas the absolute value of the errors is similar,
the signs reveal that quo and gecer tend to respectively overestimate and underestimate the
overtopping discharges.

Similarly to the case of hzy of Figure 8, the average overestimation observed for gy is induced
by the single outlier relative to the test TD2, clearly visible in Figure 9 (relative error +78%). On
the contrary, the underestimation trend associated to qces is observed for almost all the tests, and
in particular when qun >3*103. These underestimations are probably due to the higher level of
complexity of the procedure necessary to extract the gcervalues with respect to guoi, involving the
coupling of the overtopping events between the 2 virtual gauges. It is likely that some of the
waves propagating faster between the OE and the IE are not caught by the video recording at
30 Hz. Indeed, Figure 7b shows that the time-lag between the records of h at the OE and at the
IE is generally very small and, in some cases, the overtopping events identified at the OE are
nearly coincident to the events identified at the IE (compare, for example, the peaks of the events
recorded at the 2 virtual gauges around 4.6 and 5.2 s). The upper limit in the wave coupling is
imposed by the Nyquist frequency, which is one-half the recording frequency, i.e. 15 Hz. Since
2 frames are necessary to perform the wave coupling, the upper-limit is reduced of a further one-
half. Eventually, the maximum wave celerity that can be caught by the video record can be
evaluated as follows:

Comax= w -diswg. @)
For the Unibo experiments, Cmax=7.5-diswg = 0.675 m/s in case of B=0.15 m (diswg=0.09 m, see
Fig. 3b) and 1.82 m/s in case of B=0.30 m (diswg=0.243 m). As shown in Formentin et al. (2019),
the maximum wave celerities values calculated from the coupling of the signals at the UVPs were
around 1.2 m/s. Therefore, the limit of cnax mainly affects the tests with B=0.15 m.

The limit by Eq. (7) affects in turns, the values of the overtopping discharges qce;, which depends
on the c-values Nonetheless, Figure 9 shows that the qgcervalues follow the same trend of gran,
revealing that the elaboration of the video records works in principle, and the limit is given by the
camera frequency of acquisition. Based on Eq. (7), to perform the wave coupling and estimate
the related derived quantities, it can be recommended to set the minimum value of the frequency
of acquisition of a camera as follows:

(acquisition frequency)min=4- ;’S":V; (8)
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For the Unibo tests, being the observed cmax=1.2 m/s, (acquisition frequency)min=50 Hz for the
most severe condition of B=0.15. In case the condition imposed by Eq. (8) cannot be addressed,
it is recommended to prefer the estimations of g from qvo rather than geer.
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Figure 9. Values of g (ordinate) reconstructed from the cluster analysis of the video of the
experiments and measured in the water tank of the lab (abscissa). The blue diamonds refer to
the qgcer values, while the grey triangles refer to the gvor values. Tests TD1-TD8.

4.4.0vertopping volumes

The results of the analyses of the overtopping volumes extracted with the videography are
reported in Tables 4 and 5 and in Figure 10.

For each of the tests TD1-TD8, Table4 provides the comparison among the qvorvalues at the
OE and at the IE, the relative error between the quantities, the average relative error (u) and the
relative standard deviation (o%) characterizing the distribution.

The results of Table 4 show that the qv,-values calculated at the OE and at the IE differ on
average of -14%, with a standard deviation 0%=28%. In most cases the higher estimations of q
are derived at the OE: this slight decay of qv is explained with the decay of the overtopping flow
depths h along the berm, which is quantified of =30-40% (see Figure 8) and which is in line with
the expectations from the literature. The EurOtop (2018) manual indeed indicates that “the flow
thickness h decreases of approximately 1/3 with respect to the value at the off-shore edge”.
Hence the results of the videography fulfill the continuity equation, because the variations of gvo
are due to the physical evolution of the h-values and not to a shortcoming of the methodology.
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Table 4. Values of quo calculated from the videography at the OE and IE for the same tests and
corresponding relative errors; average relative error (u) and relative standard deviation (o).

Test qvot OE qvol IE rel. err.
[m3(sm)] [m*(sm)] [-1
TD1 3.70E-03 2.70E-03 -0.27
TD2 3.30E-03 2.50E-03 -0.24
TD3 3.20E-03 3.30E-03 0.03
TD4 2.50E-03 2.40E-03 -0.04
TD5 2.70E-03 2.20E-03 -0.19
TD7 1.70E-03 1.50E-03 -0.12
TD8 1.50E-03 1.31E-03 -0.13
H -0.14
0% 0.28

Table 5 and Figure 10 refer to the single test TD4 and compare the results from the videography
to the elaborations of the data from the UVPs and (when possible) from the water tank.

Figure 10 reports in a bi-logarithmic chart the probability distributions of the V-values
reconstructed from the cluster analysis (blue circles) and from the water-air interface as detected
by UVPs (grey triangles). According to the literature, the distributions of the V-values can be
approximated with a Weibull’s function, characterized by the shape factor b. Following Formentin
and Zanuttigh (2019b), the values of b were calculated as the slope of the linear fitting of the
higher 20% overtopping. The 2 distributions present very similar shapes and almost the same
changes of slope. In both cases, the 2 lower volumes are similarly detached from the main tend
and the same consideration applies for the upper tail of the distributions.

Table 5 reports the number of overtopping waves (Now), the total and the mean volumes (Vo
and Vja) and the Weibull's shape factors b as calculated from Figure 10 (1.17 for the UVPs, 0.93
for the videography and not available for the water tank). The value of Now (not available for the
water tank) differs of only 9 units (4-5%) among UVPs and videography, a deviation which is
included in the measurement error of both the techniques. Similar considerations can be done
for the values of Vi and Vpa- In this case, the agreement among the videography and the
traditional technique is even better, being the differences of 2 m3/m (2%) and of 8:10° m3/m (2%)
for Vier and Viar respectively.

Table 5. Number overtopping waves, total and mean volumes and Weibull’'s shape factors b
resulting from the distribution of the individual overtopping volumes of the test TD4.

Now  Viot[m¥m]  Vbar [m3m] Weibull’s b factor

Values from the water tank - 0.85 4.50e-3 -
Values from the UVPs 194 0.79 4.03e-3 1.17
Values from the video-cluster analysis 183 0.83 4.58e-3 0.93
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Figure 10. Probability distributions of the individual overtopping volumes of the test TD4 as
reconstructed from the cluster analysis of the video of the experiments (blue circles) and from
the UVPs (grey triangles). The b-values refer to the linear fitting of the upper 20% volumes.

5. Application of the methodology to the detection of the air
entrainment

The detection of the flow areas subjected to turbulence and possible air entrainment would
represent a key information for a number of applications, from the localization of the wave
breaking, to the calibration of bi-phase numerical models (a.o., Gaeta and Lamberti, 2015), to
the characterization of the wave impacts at walls, whose violence and intensity is directly
connected to the aeration levels beneath the imping wave during the impact (a.o., Bullock et al.,
2007).

As illustrated in Sub-section 3.4.2, the video-cluster analysis of the experiments was here applied
to the estimation of the percentage of the flow areas characterized by air entrainment, in order
to derive maps of the spatial and time map distribution of the bi-phase flow zones during the
wave overtopping. The derivation of the space-time air entrainment maps is illustrated in the
following, with reference to an example overtopping event and an example overtopping
experiment. For sake of simplicity, this analysis is limited to the flow along the slope and the
berm. The analysis of the flow before and over the wall and the study of the wave impact are
objects of separate research.

The clustering of a frame provides a classification map of the flow, where each pixel composing
the frame is labelled as “water”, “air entrainment” or other. Focusing on the air entrainment
analysis, the labelling can be simplified to a “0-1” classification, where 1 is assigned to the pixels
recognized as air entrainment and 0 otherwise. This information can be firstly processed to

calculate the extent of the areas of air entrainment and localize their position in each frame.
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The analysis of multiple air entrainment maps derived from consecutive frames can provide
further qualitative and quantitative information about the concentration of the entrapped-air
areas. Figure 11 shows an example of the time-stack evolution (12 frames, 0.4 s) of the air
entrainment areas detected during an example overtopping event, from the generation of the
first bi-phase flow zones around the berm off-shore edge (frame 1), to the collapse and breaking
of the wave above the berm (frames 3 and 5), to the development into the bore flow (frames 7
and 9) and the dissipation of the last bi-phase flow areas just before the wall (frame 11). These
images qualitatively show that the extent of the areas characterized by air entrainment tends to
increase during the first part of the overtopping event, reaching a maximum at the wave breaking,
while it starts decreasing during the bore flow. The images show also that before and during the
wave breaking the air entrainment areas are relatively “compact” and their shape is influenced
by the profile of the wave crest; on the contrary, after the wave breaking, the air entrainment
areas are fragmented and tend to dissipate in many, small areas of irregular shape.

Frame 1/12 Frame 3/12

Frame 5/12 Frame 7/12

Frame 9/12 Frame 11/12

Figure 11. Time-evolution of an overtopping event and detection of the areas of air entrainment
(red contour) through the video-cluster analysis.

The air entrainment map areas of the frames 1 to 6 and of the frames 7 to 12 composing the
whole overtopping event portrayed in Figure 11 have been summed up, obtaining 2 “air
entrainment sum maps”. The values of the pixels of such “sum maps” range between 0 and 6, in
case the pixel is never or always affected by air entrainment, respectively. By normalizing the
pixel values into the scale 0-1, it is possible to use the air entrainment sum maps to derive the
spatial and time distribution of the air entrainment in the flow. Following this approach, the air
entrainment concentration of each i-th pixel is defined as follows:
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pixel value from an air entrainment sum map

C ©)

maximum value of the air entrainment sum map

The 2 air entrainment sum maps relative to the frames 1 to 6 and 7 to 12 are represented in
Figure 12, in normalized values and in comparison to the envelope of the free-surface derived
for the corresponding 6 frames of each map. These maps provide a few quantitative information.

First, the extent and the concentration of the air entrainment is significantly higher during the
frames 1 to 6 (Figure 12-top) than during the frames 7 to 12 (Figure 12-bottom), in agreement
with the qualitative estimations given from Figure 11. This information is reported for each of the
12 frames in Table 6 in terms of ratio between the area of the flow affected by air entrainment
and the total flow area (second column). Indeed, the air entrainment area represents the 17-28%
of the total flow during the frames 1 to 6, while it is at maximum the 8.8% during the frames 7 to
12.

Second, Figure 12-top shows that the bi-phase flow is mostly localized close to the structure
edge and in the middle of the overtopping tongue (yellowish colour), where the air entrainment
concentration is equal to 1. On the contrary, in Figure 12-bottom the air entrainment
concentration is more uniform and significantly lower, ranging between 0 and 0.4 at maximum
(purple/magenta). The average values of air entrainment concentration calculated for each air
entrainment sum map are reported in the columns 3 to 8 of Table 6. While during the frames 1
to 6 the highest C-values (1 or 0.83) represent the 5 and the 16% of the total air entrainment
area, during the frames 7 to 12 the highest C-values are substantially null, and the lowest C-
values (0.33 and 0.17) represent respectively the 29.8% and the 43.4% of the total air
entrainment area.

Air entrainment sum maps similar to the example ones represented in Figure 12, relative to an
overtopping event 12 frames-lasting, can be derived for the whole duration of the tests. In this
case, the pixel-values of the sum maps may range between 0 and — ideally- the total number of
frames of the test duration (typically, more than 16,000). However, the normalized concentration
as defined in Eq. (9) still ranges between 0 and 1, and the same quantitative information derived
for the example overtopping event can be derived for the whole test.

27



——envelope of the f.s.

I water 109
@© Airentr. -frames11to6

0.8
107
106

105

0.3
0.2

773 0.1

——enveloppe of the f.s.

0.9
. -frames7to 12
0.8
0.7
0.6
05

104

774
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Table 6. Frame-by-frame percentage of the area of the flow subjected to air entrainment (first
column) and concentration of the air entrainment over the frames 1 to 6 (first 6 rows) and over
the frames 7 to 12 (last 7 rows) for an example overtopping event. Values derived from the air
entrainment sum maps.

. Air entr. Air entr.
i Air entr. .
(Air entr. area)/ area with area with area with
(water area) C=0.83 C=0.67

C=1(6/6) (5/6) (4/6)

Frame

27%
21%
28%
24%
20%
17%
8.8%
7.2%
4.3%
1.4%
1.0%
0.8%

5.0% 16% 21%

o N]o o A 0w N =

©

0.48% 0.66% 6.7%

_ A o
N = o©

This contribution presented the application of a video-cluster-based methodology to the
modelling of the wave-structure interaction processes from the video recording of laboratory
experiments of wave overtopping at sea-dikes with walls. The novelty of the contribution consists

in the pre- and post-clustering procedures set up to improve the automatic detection of features
from the images and in the direct and indirect outcomes of the application.

6. Conclusions

The pre-clustering techniques operate image subtraction, light and color adjustment and noise
addition to optimize the pictures as taken from the camera for the automatic clustering phase.
The post-clustering techniques handle the clustered maps as returned by the cluster analysis
with morphological filters and iterative procedures to extract and elaborate the data embedded
in the maps themselves.

The direct outputs of the whole videography methodology are the time series of the free-surface
elevations along the dike slopes and berm and the spatial-time distribution of the areas of the
flow affected by air entrainment. The derived outputs are the overtopping flow depths above the
structure berm, the individual and total overtopping volumes and discharges and the time series
of the flow celerities derived from the elaboration of the signals of the free-surface elevations
“virtually” recorded through the video-analysis. These virtual quantities were derived for the first

time from the results of a cluster analysis through the introduction of “virtual gauges” and the
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use of a procedure for the automatic detection and coupling of the individual overtopping events.
The virtual quantities and compared to the corresponding quantities obtained from traditional
measurements in the lab to verify and assess the accuracy of the methodology. The agreement
among virtual and laboratory quantities is synthesized by the following relative errors: +36% for
the extreme flow depths values (hz«); +19% and +25% for the average overtopping discharge
estimated from the overtopping volumes and flow celerities, respectively; +5% for the estimation
of the number of overtopping waves; +2% for the average and total overtopping volumes. The
positive sign of the errors indicates that videography gave always conservative estimations of
the virtual quantities. Such level of accuracy was achieved thanks to the introduction of the pre-
and post-clustering techniques, whose ensemble represents a best practice to be recommended
for other applications.

Another novel result of the research is represented by the maps of the concentration of the air
entrainment related to the wave breaking and the turbulent overtopping flow. The eye-
examination of these maps suggests that the areas of the flow more frequently subjected to the
formation of air bubbles are accurately caught by the methodology. The time-stack values of the
air entrainment concentration was reconstructed for an example overtopping event. This
application allowed a detailed analysis of the spatial-time evolution of the concentration of air in
the liquid phase. Specifically, it was found that the air entrainment is maximum around the berm
off-shore edge and decreases radially towards the middle of the flow and the berm width (spatial
distribution); it is maximum during the wave breaking, and starts decreasing during the bore flow
(time-stack analysis). It should be noted that the air entertainment becomes 3D during the later
stage of breaking since the flow is very turbulent. Therefore, the indications about the air
entrainment mapping are valid for 2D conditions only and cannot be extended to a 3D domain,
since just one camera was used to record the experiments.

List of notations

B Berm width

c Instantaneous wave celerity (front velocity of the overtopping tongue)

C Air entrainment concentration

diswg Distance between D1 and D3, corresponding approximately to the positions of the off-

shore and in-shore edges of the berm, respectively
D1, D2, D3 Reference to the UVP 1, 2 and 3 installed along the berm
g Acceleration due to gravity

h Overtopping flow depths above the berm
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hyp

he

hw

Hmo

K:
Lm-1.0
Now

OE

Qcel

Qtank
Qvol
swl
R2
Rc

Sm-1,0

trot

Tm-1,0

UVP(s)

Upper 2% percentile of the distribution of the h-values
Berm submergence (hs<0 and hy>0 respectively for emerged and submerged berm)

Elevation of the structure berm with respect to the bottom of the channel, excluding
the crown wall

Height of the crown wall

Spectral wave height

Abbreviation of “in-shore edge”

Bulk wave reflection coefficient

Wave length from spectral analysis

Number of overtopping waves

Abbreviation of “off-shore edge”

Average specific wave overtopping discharge

Value of q obtained from the integration of the overtopping wave celerities (c¢) with the
overtopping flow depths (h)

Value of g measured in the laboratory from the water tank

Value of g obtained from the sum of the V-values (Vi) to the duration of the test (tor)
Acronym of “still water level”

Coefficient of determination

Structure freeboard with the respect to the still water level (Re=hw-hp)
Wave steepness calculated based on the spectral wave period

Time

Total duration of an experiment (corresponding to 480 s)

Spectral wave period

Peak wave periodo

Instantaneous flow velocity

Acronym of “Ultrasonic Velocity Profilier(s)”
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829

830
831
832

833

834

835

836

837

838

839

840
841

842
843
844

\ Instantaneous wave overtopping volume obtained from the integration of the h-values

in the time domain

Vbar Average wave overtopping volume of a test

Viot Total wave overtopping volume of a test

wgs Acronym of “wave gauges”

Qg Dike off-shore slope below the berm

1% Structure roughness factor according to the EurOtop (2018) manual
u Mean

Em-1,0 Iribarren-Battjes breaker parameter

O% Relative standard deviation (or coefficient of variation)
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