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Extensive laboratory experiments have been carried out to study the transformation of both monochromatic and random
waves during the propagation over a smooth and impermeable bar, with the aim to study the mechanisms of interaction
between waves and coastal structures, using spectral and bispectral analyses. It has been observed that the increase of
the wave length leads to a greater energy transfer towards high frequencies and, in some cases, the secondary harmonic
components become prevalent. The wave breaking acts by mainly reducing the energy of the primary components and
it involves a redistribution of energy over a wider high-frequency range, with less pronounced peaks at the secondary
harmonics. The observed spatial variations of the non-linearity parameters (bicoherence, skewness and asymmetry)
indicate strong phase couplings between the primary component and its harmonics over the bar due to the non-linear
triad interactions. Some of the main results of the laboratory experiments are presented.
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INTRODUCTION AND THEORY

Submerged structures significantly modify the incident wave spectrum and the main wave
parameters due to wave-structure interaction.

The growing demand to both utilize and preserve our coastal zones causes the need to better
understand the coastal dynamics and to improve the capability to model such processes. According to
the last report on climate change (IPCC, 2023), the increase of sea levels and the increase in frequency
of extreme sea storms will have negative effects also on beaches protected by coastal structures, such as
low-crested breakwaters (Marini et al., 2020, 2022). The efficiency of existing structures in dissipating
incident wave energy will be reduced and it will be necessary to adapt structures to the new
environmental conditions. This work aims to better understand the hydrodynamics induced by
submerged structures, particularly the non-linear interaction processes which are responsible for the
characteristics of the transmitted wave spectrum.

As surface gravity waves propagate from deep-water toward the shore, non-linear processes become
relevant in the nearshore zone. The non-linear processes act by altering the wave profile shape so that
symmetric wave profiles with oscillatory velocities in deep waters become asymmetric and skewed when
they are close to wave-breaking. The transformation of the wave profile and of the wave spectrum is
mainly due to the energy transfer between harmonic components of the wave field in a process called
non-linear triad interaction (Phillips, 1960; Freilich and Guza, 1984; Elgar and Guza, 1985). Two
harmonic components with frequencies f1 e f2 (for example close to the peak frequency fp = f1 = f2)
transfer energy both to the sum frequency (f1 + f2 = f3) and to the lower frequency due to difference
interaction (f1— f2 = f3).

As waves travel from deep to shallow water, the mechanism of the non-linear wave interactions is
strongly influenced by the dispersion characteristics of the wave field. In deep water (ki > O(1), where
k is the wave number and / is the water depth), strong frequency dispersion allows resonant interactions
among quartets of waves (Hasselmann, 1962), while triad interactions are negligible (Phillips, 1960). In
intermediate depths (kA = O(1)), waves are weakly dispersive and they undergo substantial changes
caused by non-resonant triad interactions. In shallow water depths (k4 < 1), triad interactions are nearly
resonant because waves are nondispersive and the mismatch between the bound wavenumber given by
|kit+k2| (where k are the vector wavenumbers) and the free wavenumber obtained from the linear
dispersion relation |k(f3)| is equal to zero. Zero wavenumber mismatch represents the limiting case in
the interaction process, in which the interacting waves remain intact and in phase (resonant interaction)
during evolution. Thus the magnitude of energy transfer is maximum and a continued one-way transfer
takes place to the harmonics over relatively short evolution distance.

The phenomenon of non-linear wave interactions is enhanced by the presence of submerged
obstacles, which strongly modify the hydrodynamics of waves propagating towards the shore. The
generation of higher and lower frequency waves, due to the non-linearity in a wave field propagating
over a shallow region, was first addressed from a theoretical point of view by Massel (1983) and Goda
et al. (1999), who studied the propagation of Stokes waves over a submerged rectangular and
impermeable step with second and third order theories, respectively. They addressed the topic as an
extension of the propagation problem in which the wave field presents strong discontinuities, represented
by a sudden variation in the bottom topography due to the presence of a bar. By following a perturbative
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approach to solve the system of equations of motion, they proposed solutions of fundamental importance
to understand the complex mechanism of wave-structure interaction from a qualitative point of view. In
the presence of the submerged obstacle, the wave motion is partly reflected and partly transmitted behind
the obstacle. The presence of the discontinuity in the wave field due to the submerged barrier causes the
decomposition of the incident primary wave (with frequency f) into different harmonics of multiple
frequencies with respect to the main one. A part of these super-harmonics is linked to the fundamental
(bound waves) while the other part travels as free oscillations with frequency 2f and celerity independent
from the previous ones (free waves).

The problem of frequency generation over a submerged bar was also studied experimentally by many
researchers. Liberatore and Petti (1992) performed random wave tests in a flume to investigate wave
transformation above a submerged bar built on a horizontal bottom. Experimental results were interpreted
using a second-order analytical model, able to separate first- and second-order components from
measured variance spectra. Beji and Battjes (1993, 1994) studied the wave propagation process over a
submerged bar with laboratory experiments and numerical simulations. They observed the amplification
of the bound harmonics during the shoaling process and their release in the deeper region after the bar
crest. For Beji and Battjes (1993) wave breaking plays a secondary role in the process of high frequency
energy generation, contributing by dissipating the overall wave energy without changing the relative
spectral distribution significantly. Masselink (1998) investigated the generation of secondary waves on
a barred beach in field measurements and observed a decomposition of breaking incident swell into
several smaller and shorter waves in the deeper region after the bar. Sénéchal et al. (2002) concluded that
although wave breaking appears to weaken the non-linear wave-wave couplings, the generation of high
frequency energy is hardly affected by wave breaking on a sandy, barred beach. The effect due to the
permeability of a submerged structure on the process of generation of super-harmonics was investigated
in laboratory by Losada et al. (1997). They found that, under non-breaking wave conditions, the
permeability of the structure reduces the amplitude of wave harmonics modes considerably through the
dissipation within porous media and by increasing the effective relative water depth above the structure.
In agreement with the results of Losada et al. (1997), Corvaro et al. (2014) found that a lower transfer of
energy to higher harmonics occurs when waves propagate over a permeable bed and, hence, a porous
medium reduces the capacity to generate harmonics. Garcia et al. (2004) and Lara et al. (2006) performed
laboratory experiments and numerical simulations in order to study the propagation of regular and
irregular waves over a wide crested structure. They observed that the submerged structure induces
spectral energy decay due to wave breaking over the crest and a broadening of the incident spectrum
related to energy transfer to high frequencies. The transformation of the energy spectra behind low-
crested structures has been studied by several authors (van der Meer et al., 2000, 2005; Lamberti et al.,
2007; Calabrese and Buccino, 2009; Carevic et al., 2013), as well as the 105 piling-up and the filtration
(Cappietti et al., 2007; Zanuttigh et al., 2008). In van der Meer et al. (2000) and Lamberti et al. (2007) a
simplified spectral shape behind low-crested structures is proposed, with a percentage of the transmitted
energy shifted towards higher frequencies.

The non-linear interactions, which cause energy transfers among triads with frequencies f1, f> and
f3 (where fi1+f2 = f3), can be evaluated with higher order statistical tools, such as the bispectral analysis
(Elgar and Guza, 1985; Eldeberky, 1996). Elgar and Guza (1985) used the bispectral analysis to examine
the skewness and the asymmetry of shoaling non-breaking surface gravity waves. They observed that
shoaling gradually leads to more intense triad interactions involving higher harmonics and an evolution
of the phase relations consistent with the wave profile that is pitched shoreward relative to the vertical
axis. They also observed that shoreward propagating low-frequency energy has a significant coupling to
higher-frequency modes within the spectral peak, which suggests a difference interaction between
primary frequencies. Elgar and Guza (1986) used the one-dimensional non-linear Boussinesq model of
Freilich and Guza (1984) to model the bispectral evolution in shoaling non-breaking waves. They found
that the bispectral evolution is insensitive to mild bottom slopes. They also concluded that the trends in
the non-linear evolution of the bispectrum, skewness and asymmetry do not depend critically on the
initial phase coupling. Elgar et al. (1997) performed field measurements to study the evolution of a
gravity wave spectrum that propagates over a natural beach profile with sandy bars. They obtained that
the skewness and the asymmetry increase from the offshore value of 0 (symmetric waves) to values of
about 0.5 over the bar. In the horizontal part the skewness keeps constant while asymmetry goes to 0.
Zou and Peng (2011) found that wave skewness is a primary wave non-linearity indicator and it varies
across a low-crested structure. Their results show that wave skewness decreases slightly above the
seaward slope, increases rapidly up to a maximum value above the structure crest, and then decreases
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above the leeward slope to a value close to the incident one. Moreover, they studied the influence of
different controlling factors on the evolution of the wave shape. They found that the extent of the effects
of structures on the evolution of wave skewness and asymmetry increases with structure crest width,
while the maximum absolute values of skewness and asymmetry are hardly affected by the crest width.
The effect of large porosity is also equivalent to the effect of small relative structure crest width.

This work investigates the wave evolution over a submerged bar by means of experimental tests
performed in the wave-flume of the Laboratorio di Idraulica e Costruzioni Marittime of the Universita
Politecnica delle Marche (Ancona, Italy). Regular and random waves in both non-breaking and breaking
conditions and two different bar submergences are studied. The submerged bar has a larger berm width
and gentler slopes with respect to the typical geometries of submerged breakwaters in order to better
analyse the energy exchange between wave harmonics over a longer distance. The aim is to increase the
knowledge and the physical insight on the mechanism of non-linear triad interactions and to better
understand the influence of different parameters on this phenomenon also through the bispectral analysis
tool. A better understanding of the main parameters involved in this phenomenon could be useful to
improve the method for the reconstruction of the transmitted energy spectra, taking into account the
incident wave characteristics and the structure geometry. The knowledge of the transmitted spectrum
characteristics is of great interest for design purposes, in order to estimate for instance the run-up and the
morphological response of the beach protected by the considered structure.

EXPERIMENTAL MODEL

Laboratory setup

The experiments were carried out in the wave-flume of the Laboratorio di Idraulica e Costruzioni
Marittime of the Universita Politecnica delle Marche (Ancona, Italy). The flume (Fig. 1) has a length of
50m, width 1.0m and height 1.3m. The wave motion was forced by a pyston-type wave-maker that
operates up to a maximum run of 0.5m (semi-stroke) and a maximum velocity of 0.8m/s. The bottom
profile used in the experiments is shown in Fig. 2. A smooth submerged trapezoidal bar made of rigid
aluminium sheets was constructed, consisting of upslope and downslope ramps of 1:10 and a 3m long
horizontal crest. The height of the bar was 0.41m above the bottom of the flume. At the end of the flume
a beach with a 1:20 slope mainly made of coarse gravel was used as a wave absorber. The wave reflection
of the beach was estimated from previous experiments and it was lower than about 4-5%.

n\\i - ﬁ i = i -n-nﬁj\m

Figure 1. Global sketch of the wave-flume with the physical model realized in the Laboratorio di Idraulica e
Costruzioni Marittime of Universita Politecnica delle Marche (Ancona, Italy).
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Figure 2. Experimental setup and location of wave gauges
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The free surface elevation was measured at fifteen stations in the flume using eight wave gauges in
two shifts, as sketched in Fig. 2. Stations 1 to 8 correspond to the first shift (8 gauges) while stations 9
to 15 to the second shift. The first measuring point (station 1) was common to the two shifts, enabling
the repeatability of the two experiments to be checked. This gauge was also used as the reference gauge
for the incident waves. Wave gauges 2 to 5 were set up in the horizontal part of the flume to allow
measurements of wave reflection from the bar by applying the non-linear method proposed by Lin and
Huang (2004). The other gauges were arranged symmetrically with respect to the bar at about 1m
intervals to evaluate the transformations of waves passing the obstacle. The exact spacing between the
wave gauges is reported in Fig. 2. The wave signal at station 15 was used as reference for the transmitted
waves. In each run, data were recorded at a sampling frequency of 35Hz.

Experimental tests

Different wave conditions were tested. The transformation of waves passing over the submerged
structure was evaluated for both regular and random waves. In order to evaluate also the effect of the sea
level rise, two offshore water depths, #=0.51m and #=0.56m, were considered and the submergence of
the bar was equal to 0.10cm and 0.15cm, respectively. For each water depth, 36 monochromatic waves
were generated by combining 4 different wave periods (T=1.0s, T=1.5s, T=2.0s and T=2.5s) and 9
different wave heights from a minimum value of 2cm to a maximum value of 15c¢cm. For regular waves,
tests lasted 300s.

Irregular waves were generated as JONSWARP spectra with a peak enhancement factor equal to 3.3.
For each peak period (Ty=1.0s, Ty=1.5s, Ty=2.0s and T»=2.5s) 3 significant wave heights were selected
in order to have different wave conditions: non-breaking waves, spilling breakers and plunging breakers.
A total of 12 random waves was studied, for each water depth, #/=0.51m and #=0.56m. For larger periods,
the selected wave heights were smaller because it was attempted to keep the non-linearity parameter,
e=a/h (where a is the wave amplitude), nearly the same in the shallowest part of the flume for the four
wave periods. For random waves, the duration of the experimental tests depends on the peak period to
ensure the generation of at least 500 waves during each test. Therefore, the runs lasted 600s for T»=1.0s,
900s for Tp=1.5s, 1200s for T»=2.0s and 1500s for Tp=2.5s.

DATA ANALYSIS

The free surface elevation can be represented as a superposition of statistically independent waves
in which the phases are random assuming that the sea state follows a Gaussian distribution. Consequently,
the sea surface can be fully described by the continuous density energy spectrum. The spectral analysis
of the collected data was carried out with the use of a standard Fast Fourier Transform (FFT) package.
The time series of the wave gauges have been processed by removing the first part of each signal, having
a duration equal to the sum of the time needed by the first wave to reach the probe and of the ramping-
up time (equal to 10s for all the tests). The average signal over the entire recording period was removed
from each time series. The power spectra of the signals were computed by applying the Welch’s method.
For monochromatic waves, each record was divided into 8 parts of 2048 data points with 50%
overlapping. For random waves, data were recorded for different durations depending on the peak period.
The number of segments into which the original signal is divided changed depending on the test duration
with a minimum of 24 segments. The percentage of window overlapping was set equal to 50%. The
window size depended on the entire length of the signal, hence the spectral estimates are obtained with
different frequency resolutions.

The presence of the structure induces non-linear interactions between waves and their phases are not
statistically independent. The deviation from a Gaussian distribution requires the application of higher
order spectra, such as the bispectrum, in order to study the generation of harmonic components due to
the non-linear interactions. The bispectrum was introduced by Hasselmann et al. (1963) to examine wave
non-linearity in intermediate water depths. Bispectral analysis is shown to be a very useful diagnostic
tool in experimental studies of non-linear wave interactions and can be used to investigate non-linearity
even in shallow water, where wave’s non-linearities can become very strong (Elgar and Guza, 1985;
Eldeberky, 1996).
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Bispectral analysis

The bispectrum B(f1, fm) is a spectral representation of third-order statistics that can be used to
analyse the non-linear interactions between a triad of frequencies fi, fm and fn that satisfies f1 + fm =
f=. The digital (discrete) bispectrum, appropriate for discretely sampled data, is (Kim and Powers, 1979):

B(f1, fm) =< C(f)C(fm)C*(fn) > (1

where <. > denotes the ensemble average; C(f1) and C(fm) are the complex Fourier coefficients of two
frequencies f1 and fm and C*(fr) the complex conjugate of their sum.

If the three components are statistically independent, there is no phase correlation and B(f1, fm) = 0.
In that case, the third component f» is not bound to fiand fm but freely propagating. On the other hand,
a non-zero bispectrum B(f1, fm) indicates that (part of) the variance at f» is bound to the energies at fi
and fm.

The bispectrum can be efficiently computed using symmetry properties, in which it can be uniquely
described by its values in a bi-frequency octant. For a digital time series with Nyquist frequency fn, the
bispectrum is uniquely defined within a triangle in (fi, fm)-space (bi-frequency plan) with vertices at (f1
=0, fm=0),(fi=fn, fm=0),and (fi1= fne, fm= fn2).

The bispectrum can be used to identify coupled modes; however, it does not give a measure of the
intensity of non-linear interactions because its value depends on the amplitudes of the three wave
components involved in the interaction. Therefore, it is convenient to cast the bispectrum into its
normalized magnitude and phase, the so-called bicoherence and biphase, given respectively by (Kim and
Powers, 1979):

2 _ IB(f1.fm)|? )
b*(fo fn) (C(FRCUmIPHIC(fR)I?) &)

Im{B(f.fm)}
B fin) = arctan (s diin) @

In a random wave field with statistically independent components, the phases are randomly
distributed between —m and m, and thus the biphase-values tend to be scattered between —r and . The
bicoherence is independent of the wave amplitude, unlike the bispectrum. For the bicoherence
normalization given in (2), the bicoherence value is bounded by zero and unity (0 < b* < 1) with b> =0
for statistically uncorrelated waves and b* = 1 for fully coupled waves. For a three-wave system, Kim
and Powers (1979) showed that b*(f1, fm) represents the fraction of the total energy at the sum-frequency
(fn) due to the non-linear interaction.

For a finite-length time series even a truly Gaussian process will have a non-zero bispectrum. A 95%
significance level on zero bicoherence is given by Haubrich (1965) as:

b3y, = 6/d.0.f. @)
where d.o.f. is the number of degrees of freedom in the bispectral estimates.
Skewness and asymmetry

The non-linear shape of a wave can be described by its skewness Sk (asymmetry with respect to the
horizontal axis) and asymmetry As (asymmetry with respect to the vertical axis), as shown in Fig. 3.
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Figure 3. Sketch of the non-linear shape parameters skewness (a) and asymmetry (b) for a wave.
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Skewness and asymmetry are third-order statistics (Elgar and Guza, 1985), which are proportional
to the real and imaginary parts of the bispectrum, respectively, normalized by the variance E(f1). Sk and
As are respectively computed as (de Wit et al., 2020):

63yl Relp(rur )12yl ST Re(B(rf,0))
Sk = N 3/2 (5)
(lelmin ZE(fz))
6N Bl +125y ST mn{s(r,1,,))
AS = N 3/2 (6)
(Zl=lmin ZE(fz))

The skewness and asymmetry represent overall measures of non-linearity and indicate the deviation
of the wave profile statistics from the Gaussian distribution. Positive values of skewness and negligible
asymmetry correspond to Stokes type wave forms. Negative values of asymmetry indicate waves which
are pitched forward, while positive values correspond to pitched backward waves.

These parameters are used in the analysis of the experimental data presented in the following
sections.

EXPERIMENTAL RESULTS AND CONCLUSIONS

Some of the main results about the transformation of waves passing over the submerged bar are
presented in the present work. The measurements recorded by the wave gauges have been processed and
analysed both in the time and frequency domains.

At first, the monochromatic waves are studied because they are easier to analyse and they provide
quite valuable information about the generation of super-harmonics. Monochromatic waves are useful to
simulate narrow banded spectra, which are typical of sea swell conditions. Their study is also the starting
point to better understand the more complex mechanisms related to the propagation of random waves.
Random waves are considered, where the interactions between frequency components within the spectra
cause also the generation of sub-harmonics. Bispectral analyses have been also applied to the free surface
records to better understand the exchange of energy between frequency components.

The spatial evolution of regular and random wave data has been analysed both in the time and in the
frequency domain with spectral and bispectral analyses. The effect of different parameters on the wave
propagation has been evaluated, such as the bar submergence and the wave characteristics. The non-
linear interaction process over the bar is mostly influenced by the relative water depth over the bar crest
(h/L) because, in shallow water conditions (h/L<0.05), waves are non-dispersive and triad interactions
are nearly resonant.

Some collected and elaborated data are showed. In particular, for regular waves, the spatial evolution
of the amplitudes of harmonic components of multiple frequencies is showed; for random waves, the
resulted normalized spectra and bispectra and the effect of some non-linear parameters on the wave
propagation are showed.

Spatial evolution for regular waves

In Fig. 4 the spatial evolution of the amplitudes of harmonic components of multiple frequencies is
showed, for different periods and breaking and non-breaking conditions.

The regular waves in non-breaking conditions with a lower period, T=1s, show few changes in the
wave shape and in the spatial evolution of the amplitudes of harmonic components of multiple
frequencies.

As the wave period increases, an increasing amount of energy is transferred to higher frequencies.
For T=2.5s the energy carried by the first harmonic decreases on the horizontal crest and the third
harmonic becomes prevalent behind the bar.
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Figure 4. Spatial evolution of the amplitude of the first five harmonic components of multiple frequencies
for different
periods and breaking conditions.

For breaking waves, the energy dissipation reduces proportionally the energy carried by each
harmonic. This implies that the amplitude reduction is stronger for the first and the second harmonics
and less energy is transferred to higher harmonics as waves propagate over the bar.

The increase in water depth has a different effect on the harmonic generation of non-breaking and
breaking waves. For non-breaking waves, higher submergence reduces the number of harmonics
involved in the interactions and less energy is shifted toward higher frequencies. For breaking waves, as
the submergence of the bar increases, the intensity of wave breaking decreases and more energy is
available for non-linear couplings between frequencies.

Spatial evolution of spectra and bispectra for random waves

In order to evaluate the effect of wave breaking, spectral and bispectral estimates obtained for two
random waves with the same peak period (7,=2.5s) but different significant wave height Hs are
normalized and plotted together and showed in Fig. 5.

The shape of the normalized spectra is very similar for the non-breaking and the plunging waves
during propagation over the upslope and at the beginning of the horizontal crest (stations 7 and 9), even
if the wave breaking reduces the spectral peak of the primary component (station 9) and it involves a
greater amount of energy transferred to frequencies lower than 0.5f,. At stations 11 and 14 the spectrum
of the plunging wave has lower peaks at higher frequencies and the energy is distributed over a wider
range of frequencies.

The comparison between the corresponding values of the bicoherence A% i.e. the normalized
bispectrum, shows that for the breaking wave triad interactions at stations 11 and 14 are less concentrated
around the frequencies multiple of the primary component (which is more affected by the energy
dissipation due to wave breaking) and they are distributed over wider frequency ranges. Therefore, wave
breaking reduces the intensity of the non-linear interactions and it involves a greater number of frequency
components in the interactions.



COASTAL ENGINEERING 2024

>
g 8 Station 7 8 — Station 9 8 Station 11 8 Station 14
° b : non-breaking
% 6 6 6 : 6 breaking
[
2 4 4 af af |
2 : :
N 2 2 2 f 2t 2
© b e R : ol
g 0 0 WM 0 "
= 04 08 1.2 16 2 04 08 12 16 2 04 08 1.2 16 2 04 08 1.2 16 2
f (Hz) . f (Hz) . e, o),
: 1 , 1 1 1
1.2 1.2} t 1.2 -
) : : : : at
T 081 “1l{os 0.8 “1l|os T 05 08} ok 1 | 05
o4l e 0.4 | glnmtnev - ili ; ! : 041 | Sraie
ks 0 ok 0 0 m 0
04 08 1.2 04 0.8 1.2 04 08 1.2 ) 04 08 1.2

b2 b2 b

: 1 . 1 . 1
1.2 12 |1 1.2

(Hz)

bZ
1
0.8 T 0.5 0.8 T 05 0.8 “t | os 81 05
o~ H ' H / iy
T4 A T 0.4 - domg 0.4} : B e Vo
ik 3 Sep ¢ m 0

0 0 s
04 08 1.2 04 08 1.2 04 0.8 1.2 0.4 08 1.2
f, (Hz) f, (Hz) f, (Hz) f, (Hz)

=T [T T T

Figure 5. Comparison of normalized energy spectra (upper line) for the non-breaking wave with Hs=3cm (green
line) and the plunging wave with Hs=8cm (red line) at stations 7, 9, 11 and 14; h,=0.51m, T,=2.5s. Absolute
bispectrum (cm?Hz?) at stations 7, 9, 11 and 14 for the non-breaking wave (center line) and for the plunging
wave (lower line)

Non-linearity parameters

The values of the bicoherence are analysed as a function of the relative depth over the bar crest k,’J h'.
As shown in Fig. 6a, the bicoherence decreases as the influence of finite depth decreases.

The bicoherence computed for all the frequency pairs of the bispectrum 535 is less dependent on the
wave height as k' increases, as shown in Fig. 6b.
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Figure 6. Normalized bicoherence (a) and bicoherence computed for all the frequency pairs of the bispectrum
(b) plotted in dependence of the relative depth over the bar crest.

The skewness and the asymmetry over the bar crest also show a dependence on kl', h', as shown in
Fig. 7. Larger absolute values are associated with higher waves.
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Figure 7. Skewness (a) and asymmetry (b) plotted in dependence of the relative depth over the bar crest.
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