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Abstract: Coastal protection solutions can be categorised as grey, hybrid or natural. Grey infrastruc-
ture includes artificial structures like dykes. Natural habitats like seagrasses are considered natural
protection infrastructure. Hybrid solutions combine both natural and grey infrastructure. Evidence
suggests that grey solutions can negatively impact the environment, while natural habitats prevent
flooding without such adverse effects and provide many ecosystem services. New types of protective
solutions, called biomimetic solutions, are inspired by natural habitats and reproduce their features
using artificial materials. Few studies have been conducted on these new approaches. This study
aims to quantify wave dissipation observed in situ above a biomimetic solution inspired by kelps,
known for their wave-dampening properties. The solution was deployed in a full water column near
Palavas-les-Flots in southern France. A one-month in situ experiment showed that the biomimetic so-
lution dissipates around 10% of total wave energy on average, whatever the meteo-marine conditions.
Wave energy dissipation is frequency-dependent: short waves are dissipated, while low-frequency
energy increases. An anti-dissipative effect occurs for forcing conditions with frequencies close to
the eigen mode linked to the biomimetic solution’s geometry, suggesting that resonance should be
considered in designing future biomimetic protection solutions.

Keywords: wave attenuation; bioinspired structure; biomimetics; soft-shoreline engineering

1. Introduction

The will to develop coastal defense systems is as old as the desire to secure shorelines
for improving human safety and developing maritime trade [1-3]. Until now, traditional
artificial protection solutions, such as dykes and groins, have been extensively built through-
out the world’s shorefaces. However, those so-called grey or hard solutions are currently
recognised for their poor longevity in the face of climate change and for their negative
impact on the environment, like coastal habitat loss or erosion [4-7].

A first alternative strategy to protect the coast relies on the concept of soft-shoreline
engineering (SSE), which emerged in the 1990s in the United States and Canada [3]. SSE
solutions encompass protective structures that limit their ecological impact without compro-
mising their technical integrity [2,3]. Some SSE solutions are built with artificial materials
(concrete, rock) and form artificial reefs that mimic coral or oysters [8,9], and on which life
can develop and improve the coastal defence service. The feedback on these solutions is
encouraging, while their long-term behaviour under global change remains speculative [8].
Within the SSE solutions, engineers have also considered the protection of the coast based
on natural habitats (seagrass, mangroves and corals) without any recourse on artificial
features [6,7,10,11]. These habitats provide a natural barrier against climatic and coastal
events, controlling hydrodynamic conditions and sediment motion [7]. Alongside with
their protective hydro-morphodynamic services, natural habitats offer various ecological
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benefits, including improved water quality and carbon storage [6,10]. As a result, natural
habitats are receiving increasing attention for coastal management community [6]. How-
ever, their wider adoption in coastal management procedures depends upon more efficient
cost-benefit feedback and the development of robust deployment strategies [6,7].

A second alternative strategy for coastal protection is to combine natural habitats
and artificial structures in so-called “hybrid” solutions [9]. This approach maximises the
protective capacity of any natural habitat while minimising their weaknesses [6]. Hy-
brid solutions offer an interesting compromise, especially in heavily urbanised coastal
areas where the deployment of purely natural solutions may be challenging [6]. In this
context, some hybrid solutions are called biomimetic because the hydro-morphodynamic
services they offer rely on mechanisms inspired by nature (also called bioinspiration) [9,12].
Developing a biomimetic solution starts with a deep understanding of some natural eco-
bio-hydro-morphodynamic processes, which are then stimulated in the real coastal envi-
ronment through the deployment of artificial features that mimic its effects. For instance, a
biomimetic solution made of a dense network of artificial strips, built based on an analogy
with seagrass meadow, would alter hydrodynamics [11,13], especially wave damping, and
can provide a safe place for the seedlings of seagrass [14]. To our knowledge, no field
studies have been carried out on the development and deployment of biomimetic solutions
mimicking kelps as a protective solution in coastal engineering [9].

The objective of this study is to provide an initial estimate of the spectral dissipa-
tive properties of a representative biomimetic protection solution imitating kelps from
in situ measurements in the nearshore zone. First, in Section 2, we describe the state of
the art in wave dissipation by natural habitats and the theoretical formulation used to
compute the dissipation. Then, the study area, the features of the biomimetic structure, the
experimentation and the methodology for data processing are described in Section 3. A
comprehensive analysis of the mean and spectral wave dissipation rates is presented in
Section 4. Observed dissipation is compared with existing studies. Section 5 reveals and
discusses several processes and their consequences for the design of biomimetic solutions.
A new empirical drag coefficient law is proposed to improve the structure representation
in the numerical model at the end of the discussion.

2. Wave Dissipation by Natural Habitats
2.1. State of the Art

The conception of biomimetic solutions relies on the exploration of the impact of
coastal natural habitats on hydro-morphodynamics. Indeed, natural habitats drive changes
in fluid velocity profiles [15-17], inferred turbulence [18-20], wave dissipation [21-23]
and sediment motion [24-27]. Coral reefs [28,29], salt marshes [30-33], seagrass/kelp
beds [13,21,34-39] and mangroves [40,41] dissipate 70%, 72%, 36% and 31% of waves on
average, with variations from one study to another ([10], review of 69 projects). Although
wave dissipation has been largely investigated in laboratory settings [23,31,32,34,38,41-44]
and analytically [21,39,43,45-47], it has been less studied in the field [13,30,36,37]; addi-
tionally, few studies have investigated dissipation above giant kelps, and none, to our
knowledge, have examined biomimetic solutions inspired by kelps. It is difficult to dissoci-
ate wave dissipation driven by bottom friction from a kelp effect [48]. Elwany et al. [49]
suggest that kelps have practically no effect on wave dissipation with periods of 5-20 s,
but they used bottom-mounted pressure sensors, which limit the detection of shorter
waves. Rosman et al. [50] quantified wave energy both inside and outside of a giant kelp
forest and did not find clear evidence of wave dissipation through the forest for a similar
wave forcing. Elsmore et al. [51] found that giant kelps dissipate around 7% of the wave
energy flux, contrary to a transect without kelps. Lindhart et al. [48] indicated that short
waves are more dissipated when the kelp surface canopy is high, i.e., in summer. However,
wave dissipation and its frequency-dependence have received very little attention in the
literature [48], despite observations which tend to show that kelps have a non-negligible
dissipation effect [51].
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2.2. Theoretical Formulation of Wave Dissipation

Historically, the theoretical formalization of wave dissipation on soft structures is
based on Dalrymple et al. [52], in which dissipation is defined based on a wave energy
balance equation. Dalrymple et al. [52] hypothesise that vegetation can be represented by
rigid vertical cylinders. Assuming that waves propagate along an x-axis, the conservation
of wave energy is defined as

dEcg
ox

Here, E = % pgH? is the wave energy density of wave given by the linear theory, p is
the density of water, g is the gravitational acceleration, Hj is the significant wave height, cy
is the wave group velocity and €; is the time-averaged rate of energy dissipation per unit
horizontal area driven by the structures opposing the waves:

€. 1)

1 /T rls
eszf./o /Z:O(qu+Pzw)dzdt (2)

where [ is the structure length, Fy and F, are the horizontal and vertical components of the
total force acting on the structure at a given z, and u and w are the horizontal and vertical
components of the fluid velocity. The horizontal component F; is considered to be much
greater than F, [34,45]. As the structure is considered rigid, no movement occurs along the
z-axis. According to Morison’s equations [53], the force Fy applied to a rigid structure is

1 T Jdu
Fe = EpsrefCD|u|u+ZNb%pCM§ 3)

in which S,, risa surface reference, b, the structure area per unit height, N the density, Cp
is the drag coefficient and Cy is the inertia coefficient. The reference surface S,f is the
surface perpendicular to the flow per unit volume on which the energy loss is calculated. Its
definition varies depending on whether the study is concerned with the spacing between
structures s [52], their density N [21] or other geometric characteristics [32,38]. In this
study, the form S,.y = Nb, defined by Mendez and Losada [21] is used. The first term
of Equation (3) represents the drag force Fp and the second the inertia force Fp;. The
contribution of the inertia force to wave dissipation is smaller than the drag force and
is usually assumed to be zero [21,34,54]. Assuming that the depth is constant along the
propagation axis, ¢g is constant. By combining Equations (1) and (2), the solution to the
differential equation is

Hy 1

Hy, 1+ KpHgx'

0

4)

H, is the significant wave height at the entrance of the transect in deep water. In
Dalrymple et al. [52], Kp is the dissipation coefficient, defined by

4 sinh”’ kl; + 3sinh klg

Kb = 5 CokSres G kn(sinh 2k + 2kh)

(5)

where S, is the variable defined above, k is the wave number and  is the depth. To
correctly apply this analytical model, the drag coefficient can be estimated using various
strategies [21,23,32,36,38,55].
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Kobayashi et al. [34] demonstrate that Cp depends on the Reynolds number R, = ”;D ,

where D is the diameter of one structure, u. is the characteristic velocity and v is the
kinematic viscosity of water, and express this empirical drag coefficient in the form of

alaw: y
Cp=a+ (fj) (6)

e

where «, § and v are coefficients determined experimentally. The characteristic velocity
uc is defined as the maximum amplitude of the orbital wave motion at the top and on the
front side of the structure [22,45,56] and is written as

1tHs, cosh ki
T,, sinhkh

Ue = @)
where T, is the mean wave period. The law in Equation (6) has been widely used [22,36,45,57]
and reformulated with the Keulegan-Carpenter number K¢ = % [21-23,39]. The preem-
inence of K¢ or R, in the formulation of Cp is still under debate [58].

In Dalrymple et al. [52], formalism is applied to study wave dissipation either over nat-
ural or artificial structures, although they are flexible [21,22,34,56]. Alternative works have
tried to include flexibility in the original formalism [32,36,38,45,46,59]. Méndez et al. [45]
consider the swaying of the structure thanks to relative horizontal velocity u,, defined as the
difference between the velocity of the structure and that of the fluid. This parameter is in-
troduced directly in Equation (3) instead of the horizontal velocity u. Luhar and Nepf [60]
employ an effective length I, which represents the length of a rigid structure that gen-
erates the same drag force as a flexible structure of length I;. Lei and Nepf [38] apply
this length correction directly in Equation (5) from Dalrymple et al. [52] to predict the
wave attenuation over a flexible seagrass meadow. In parallel, Dalrymple et al. [52], for-
malism is improved to take into account irregular waves, using Hrpss (root-mean-squared
wave description) instead of Hs in the definition of the dissipation [21]. Suzuki et al. [61]
adopted this new equation for implementing canopy dissipation in the spectral model
SWAN (Simulating Waves Nearshore), adding dependencies to the frequency and wave
directions. Jacobsen et al. [62] adopt Suzuki’s method to take into account the effect of
frequency on the velocity profile inside and outside the canopy, and Ascencio et al. [63]
apply Jacobsen’s work in a laboratory. However, we do not consider these fully spec-
tral/directional developments because (i) this experimentation provides no information
about wave direction and (ii) this work is limited to a spectral analysis averaged over
frequency bands of physical meaning.

3. Material and Methods
3.1. Study Area

This study was carried out near the outlet of the Lez river and the entrance to the
port of Palavas-les-Flots in the south of France (Figure 1a,b). The coastline is densely
urbanised, with numerous dykes, and attracts a significant number of tourists during the
summer season, which makes this place strategic for coastal management. A dyke, oriented
north—south, is located to the west to delimit the port area. The study area is a microtidal
environment of almost constant water depth (3-3.5 m) in the studied area. The sediment
is sandy, with some mud in the Lez channel. The beaches of Palavas-les-Flots are subject
to different wind regimes throughout the year. Winds come mainly from the north, west
and south-east during storms. The orientation of the bay is directly affected by south-east
storms. However, the orientation of the breakwater, located at the left side of the study
site, protects the entrance to the port and the channel from waves from the south or the
west. The proximity of the study site to grey structures was constrained by administrative
authorisations. The possible impact of the dykes on the measurements is discussed in
Section 5.1.



J. Mar. Sci. Eng. 2024, 12, 2004

50f 20

4
4
q77
B,
,‘/'i;l”'«*/
4,
(&5

Elevation (m)

x (m)

(d)

Figure 1. (a) A map of the study area, where A and B refer to the dyke and the beach in Section 5.1.
(b) A map of the position of the device and the biomimetic structures, composed of ten modules.
The black dotted lines forming a rectangle delineate the extension of the biomimetic solution and
the domain on which Rabinovitch formalism was used (Section 5.1). The coloured area represents
the bathymetry. (c) The diagram and the photo show one biomimetic structure. (d) A plot of the
instrumented transect, where pressure sensors (red diamond) and idealised biomimetic structures
are shown. The seabed (black solid line) is placed as a function of the depth measurements (black
dots) made at each device.

3.2. The Biomimetic Structure

The biomimetic structures considered in this study were inspired by aquatic vegetation,
in particular, kelps, especially Macrocystis pyrifera and developped by P2A Développement.
Macrosystis are located mostly over rocky substrate at a depth between 5 and 25 m and
occupy the water column when they are mature, and extend toward the surface [48].
The fronds are buoyed by pneumatocysts and are 10 to 40 cm long [51]. The biomimetic
structure is designed to attenuate wave height while providing shaded zones and places
sheltered from view that favour the presence of many aquatic species. The structure is
made of polypropylene ropes, with a Young’s modulus of 9.8 MPa. One end of the central
rope is secured to a jetting anchor buried in the sand, while the other end is attached to a
buoy to keep it upright, similarly to Macrocystis pyrifera. The structure has a total length I,
of 3.5 m and emerges at the water surface. Fronds are uniformly spaced along the main
rope at 10 cm intervals and are 40 cm long with a diameter of 1.6 cm. The representative
diameter D of a structure is set to 3 cm, which corresponds to the diameter of the central
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rope without the fronds. The diameter value is discussed in Section 5.2. Sixteen structures
are assembled in modules of 16 m?, in which they are spaced at regular 1 m intervals
with respect to their center. Thus the density N of structure per unit area in a module is
1. In the following section, the set of modules deployed together is described, called the
biomimetic solution.

3.3. Field Data Collection

A linear transect of 5 pressure sensors, R1-R5 (RBR virtuoso 3, RBR, Ottawa, ON,
Canada), was deployed across the biomimetic solution between March and April 2023
(Figure 1c). Pressure time series were collected continuously at a sampling rate of 8 Hz.
The initial accuracy of the pressure sensors was £1.0 cm with a resolution of 2 mm. Each
pressure sensor was positioned on a metal structure at an elevation Z,, above the seabed.
The characteristics of the pressure sensors are given in Table 1. The instrumented transect
was oriented at 120°/300°, very similar to the wave direction during storms. The transect
was 47 m long with a flat bottom. An atmospheric pressure sensor, B1 (Solinst Barologger,
Solinst, Georgetown, ON, Canada), was positioned next to the deployment zone and
continuously collected one measurement per minute.

Table 1. Characteristics of pressure sensor deployment.

Station R1 R2 R3 R4 R5
Distance (m) 0 4.65 8.86 27.48 46.82
Depth (m) 2.45 3.07 2.97 2.29 2.26
Zy (m) 0.99 0.42 0.56 0.83 0.71

The average wind speed and direction were obtained from the weather station at
Montpellier airport, managed by Météo-France and located 7 km north of Palavas-les-Flots.
These data are averaged over 10 min every hour. Offshore wave forcing is extracted from
the Sete wave buoy from the French national coastal wave CANDHIS network managed
by Cerema and DREAL Occitanie, in the form of the significant wave height, mean period
and direction every 30 min.

3.4. Field Data Analysis

The measured pressure data (from R1-R5) were corrected from atmospheric pressure
using the measurements of B1. The signal was split into 30 min bursts with a 50% overlap.
The wave spectra were calculated over each burst by Fast Fourier Transform. The energy
spectral density obtained was depth-corrected with the linear theory [64], revealing a cut-off
frequency of 0.55 Hz. For each spectrum, wave parameters such as the significant wave
height Hs; and the mean wave period T,, were extracted. Hs; and T}, are defined by

SPE(Raf
[P E(R) P

where E(f) is the energy spectral density, f1 and f, are the limits of a frequency band over
which the wave parameters are calculated and f the frequency.

To analyse the sensitivity of wave dissipation to wave frequency, the spectra were
divided into 3 frequency bands. The frequency cuts between these bands were defined
from the mean of the 2853 elementary spectra (Figure 2). The first band, between 0.004
and 0.04 Hz, is identified as the infragravity (IG) band [65]. The second band, between
0.04 and 0.114 Hz, corresponds to swell (SS), and the last band, between 0.114 and 0.55 Hz,
corresponds to wind waves (WW) [66]. The upper limit of the wind wave band was set
at the cut-off frequency, beyond which the signal corrected by linear theory diverges with
respect to the hydrostatic signal. Hs and T,, were calculated at each burst for each of
these bands.
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In the following, Hs and T, are named H;;and T; ; where i refers to the station and j
to the frequency band. For example, at the R1 station, the significant wave height and the
mean period for the IG band are Hj ;¢ and T jc, respectively. The wave height and period
derived after the total spectrum are referred as TOT.

IG SS ww

0.008

0.006

0.004

E(f) (m?/Hz)

0.002

0.000 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
f (Hz)

Figure 2. Energy spectral density spectra calculated at stations R1 to R5. Each spectrum is calculated
by averaging all the spectra calculated over the 30 min long bursts. The dotted vertical lines represent
the frequency cuts of the infragravity, the swell and the wind wave bands, clearly identified by
relative minima on every mean spectrum.

4. Results
4.1. Forcing Conditions Offshore and at R1 Station

The recorded tidal range does not exceed 0.3 m during the experimentation. The
breaking index v = H/h defined by Munk [67], with a threshold of 0.78, and the more
restrictive index by Nelson [68] for irregular waves, with a threshold of 0.55, are calculated
for each burst at all measurement stations. The maximum of v = H/h obtained during the
experimentation is 0.19 at the R5 station, so no wave breaking is identified in the studied
domain. The relative shallowness k& calculated based on the linear theory ranges from
0.47 to 3.00, which means that the experimentation occurred entirely in intermediate-water-
depth conditions, far from the dominant breaking zone. The wave nonlinearity is calculated
at each burst and each station from the Ursell number, defined as U, = Hi,TOTAZZ / h?, where
A; is the wavelength calculated with the approximation of Guo [69], and ranges from 0.07 to
10.49 (maximum obtained at R5 station). According to Hedges [70], the wave nonlinearity
threshold is set at U, = 40, which is larger than the maximum values calculated. The wave
steepness, defined as H; ror/A;, does not exceed 0.034 (maximum value obtained at R3
station), which is below the value defining the Stokes second-order domain [70]. So, wave
nonlinearity is not considered in this study:.

Different wind and wave conditions are observed, from which three types of meteo-
marine conditions are identified (Figure 3). Type 1 corresponds to a windy regime, known
as “Tramontane” in the south-west of France, that occurred twice between 31 March and 2
April 2023 (T1a) and between 12 and 16 April 2023 (T1b). The forcing parameters during
type 1 conditions are as follows: u,,;,; 1 = 7.9 m/s on average with a westerly to west-
northwesterly direction. The ranges of the other parameters are Hyffsnore, 71 = 0.24-1.18 m,
Toffshore,Tl =27-3.78s, H1,T1 = 0.02-0.12 m and Tl,Tl =3.16-7.0 s, where Uwind, Tir Hoffshore,Ti
and Ty ¢ fshore, i Tefer to measurements made offshore and at the airport of Montpellier (see
Section 3.3). Type 2 is a thermal northerly/southerly wind regime alternating day and
night, where Hytspore,r2 = 0.13-0.71m, Tj ¢ fspore, 2 = 2.52-5.26' s, Hy, 12 = 0.03-0.2 m and
Ty, 12 = 2.25-7.96 s. Two type 2 events are recorded between 2 and 7 April 2023 (T2a) and
between 16 and 20 April 2023 (T2b). Type 3 conditions are representative of a moderate
storm and occurred twice during the experimentation, between 29 and 31 March 2023 (T3a)
and between 20 and 23 April 2023 (T3b), the first being less energetic than the second.
The parameters associated with type 3 conditions are ;573 = 4.94 m/s on average
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from the south-east direction, Hyffsnore, 13 = 0.27-1.45m and Ty rfspore 13 = 2.644.31 s,
Hj 13 =0.05-0.56 m and Ty 13 = 2.36-4.31 s.

In the following section, an analysis of wave dissipation is conducted for the three
types of conditions emblematic of the regional meteo-marine regimes. The values of the R,
and K¢ numbers observed under these three types of condition are reported in Section 5.2.

T3a Tla T2a T1lb

1009

Vwing (M/

Figure 3. Wind and hydrodynamic forcings during the experimentation. The yellow, green and red
boxes represent type 1, 2 and 3 conditions, respectively, observed in two periods, a and b. Periods in
white are not used in the analysis. The wave characteristics at Sete are offshore conditions. (a) Wave
direction (0st.) at Sete, wind direction (6,;,,4) and wind speed (v,;,,;) recorded at the Montpellier
airport weather station; (b) Significant wave height measured at Sete (Hs,t.) and at R1 station, and
the ratio Hs ror/ Hi,10T; (€) The mean wave period measured at Sete (T}, ) and at the R1 station.

4.2. The Conditions over the First Module of the Biomimetic Solution

The significant wave height averaged over all the bursts increases by 0.9 £ 1.0 cm
between the R1 and R3 stations (i.e., through the first module), and by 3.0 & 1.0 cm during
type 3 conditions. In the literature, the increase in significant wave height at the front
side of a dissipative structure has already been predicted analytically [45] and justified by
partial wave reflection against the structure. Such an increase in wave height has also been
observed in the field [36]. Alternatively, the biomimetic structure could be blocking the full
water column, behaving as a low-crested hard structure. In such a case, when waves land
on the first module, the wave speed would slow down and the wave height would increase.
To estimate such a shoaling contribution between the R1 and R3 stations, a simple shoaling
equation can be used [71]. This calculation determines that the mean difference in wave
height driven by shoaling between the R1 and R3 stations is 0.8 cm. In type 3 conditions,
this difference is 3.0 cm. These values corroborate those observed in the experimentation.
Beyond the first module, from the R3 to R5 stations, clear wave decay occurs.
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4.3. Mean Wave Dissipation by the Biomimetic Solution

Figure 4a shows the evolution of the energy in each frequency band through the
biomimetic solution and for the three types of meteo-marine conditions.

The dissipation of the total wave energy averaged over all bursts is around 10%,
with a standard deviation of 7.7%, whatever the meteo-marine conditions (Figure 4a;
Hs ror/Hi ror around 0.9), and it decreases linearly after the first module (R3 station).
Moreover, considering the increase in wave energy between the R1 and R3 stations by
5-10% (see previous section), the total wave dissipation after this local shoaling effect is
around 15-20%, whatever the meteo-marine conditions.

But there is no direct evidence on whether this wave decay is the result of dissipation
by bottom friction, breaking waves, energy transfer to currents or the biomimetic solution
itself. Bottom friction is assumed to be negligible, considering that the mean friction factor
for this site is around 1.2 x 10~* based on the formulation of Phillips [72]. Dissipation by
geometric breaking is non-existent, as discussed in Section 4.1. Thus, the decrease in waves
must be attributed mainly to a dissipation process induced by the biomimetic solution.
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Figure 4. (a) Plots of mean wave height reduction for TOT, IG, SS and WW frequency bands from
the R1 to R5 stations for the three types of meteo-marine conditions, including both periods a and b.
The coloured envelope represents the standard deviation at each station and for each frequency band.
(b) Ternary diagrams of normalised E;g, Egs and Eyw by Erot for the three types of meteo-marine
conditions. The two smaller ternary diagrams represent the same information for periods a and b
considered separately. Each arrow represents the evolution of the relative contributions of IG, SS
and WW to the energy between the R1 and R5 stations for each burst.
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At the R5 station, the energy in the IG band increases by more than 30% with respect
to the R1 station and 20% with respect to the R3 station (Figure 4a). The SS band energy
is mainly dissipated over the second part of the biomimetic solution (after the R4 station)
and not after the first module (R3 station), although a slight decrease is observed there for
type 3 conditions (Figure 4a). In bulk, at the R5 station, up to 25% (35-40% with respect to
the R3 station) of the SS band energy is dissipated for type 1 and 2 conditions with respect
to the R1 station, compared with 10% with respect to the R1 station (20% with respect
to the R3 station) for type 3 conditions. The energy contained in the WW band globally
decreases across the biomimetic solution, although a small increase is observed between
the R4 and R5 stations for type 1 and 2 conditions. The WW band energy loss represents a
total dissipation of 7%, 5% and 10% with respect to the R1 station (10%, 10% and 20% with
respect to the R3 station) for types 1, 2 and 3, respectively (Figure 4a).

To decipher whether the relative evolution of the wave energy of the the frequency
bands at the R3, R4 and RS stations is driven by energy transfer between frequency bands
and/or dissipation, the absolute wave energy values of the frequency bands are compared
at those stations. Table 2 represents the average values of the absolute energy in each
frequency band calculated per meteo-marine condition. In all cases, the spatial variation
(from the R1 to R5 stations) in absolute energy for each frequency band shows the same
trend as that of the normalised energy (Figure 4a). Nevertheless, the ratios of absolute
energy between frequency bands are high, with values around 10 between the IG and
SS bands and 100 between the IG and WW bands for type 1 and 2 conditions. For type
3 conditions, the IG and SS bands’ absolute energies are similar, while that of the WW band
is 100 times that of the IG and SS bands. In any case, these ratios are far too large to justify
the wave decay in the SS and WW bands through single energy transfers to the IG band.
So, wave decay most likely results from wave dissipation over the biomimetic solution.

Table 2. Table of mean values of energy density E; ; (mm? Hz~1) at each frequency band for R1 to R5
stations for type 1, type 2 and type 3 conditions.

Eij R1 R2 R3 R4 R5
Eiic 5.77 5.99 7.10 9.05 10.03
Type 1 E; ss 42.72 46.05 56.38 63.62 22.39
E; ww 110.93 106.70 123.54 94.50 94.19
Eiic 481 4.94 5.87 7.40 8.41
Type 2 E;ss 82.28 88.62 108.45 111.42 36.41
E; ww 283.36 285.97 344.05 252.35 295.85
Ei1c 26.09 25.78 33.49 40.02 46.80
Type 3 E;ss 38.68 38.42 49.68 46.70 31.95

E; ww 4861.36 4832.46 6044.96 4802.65 4153.89

4.4. Variability in Wave Dissipation Driven by Meteo-Marine Conditions

Figure 4a shows the evolution of the mean dissipation at each frequency band and each
station calculated over the 624, 822 and 429 bursts contained in type 1, 2 and 3 conditions
(Section 4.1). The figure also shows the standard deviation at each frequency band and each
station. The standard deviation represents the variability of the dissipation as a function
of the meteo-marine conditions. Taking into account this variability does not change the
interpretation of the results presented in Section 4.3. Complementarily, a detailed analysis
of wave dissipation at the scale of the burst provides information on the influence of
meteo-marine conditions on the behaviour of the biomimetic solution. Figure 4b shows the
relative distribution of the energy at each burst in the different frequency bands between
the R1 and R5 stations (see Figure 1).

Figure 4b shows that the incoming forcing has significantly lower energy in the IG
band than the other frequency bands whatever the meteo-marine conditions. For type
1 and 2 conditions, the energy in the SS and WW bands is greater and more spread out,
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although the energy is greater in the WW band on average. For each burst under type 3
conditions, the energy is condensed in the WW band (more than 90%). Longer incoming
waves at the R1 station drive higher transfer of energy to the IG band for type 1 conditions
(Figure 4b). Intermediate and shorter incoming waves transfer more energy to the IG band
for type 2 conditions. In type 3 conditions the relative energy is mostly contained in the
WW band (more than 90%); and whatever the incoming forcing, the amount of energy
transmitted to the IG band is almost identical between the R1 and R5 stations. The impact
of the biomimetic solution on wave dissipation is clearly a function of the SS and WW
signatures of the incoming wave conditions.

4.5. Spectral Wave Dissipation

Figure 5 shows the average wave spectra for each type of meteo-marine condition and
at each station. For types 1 and 2, the mean wave spectra present 2 peaks around 0.1 Hz
(SS band) and between 0.13 and 0.14 Hz (WW band) and a small amount of energy around
0.025 Hz in the IG band. The energy is higher in the WW band than in the SS band for type
2 conditions, contrary to type 1 conditions. For type 3 conditions, a well-marked single
energy peak is located in the WW band between 0.16 and 0.25 Hz for all stations.
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Figure 5. Plots of energy density spectra at R1 to R5 stations for (a) type 1, (b) type 2 and (c) type 3
meteo-marine conditions. Each spectrum is calculated by averaging all elementary spectra calculated
over 30 min long bursts for each type of meteo-marine condition.

Whatever the meteo-marine conditions, the energy in the IG band increases between
the R1 and RS5 stations. The energy contained in the SS band increases between the R1
and R4 stations for type 1 and 2 conditions, then decreases sharply at the R5 station, while
the amount of energy in the SS band is negligible for type 3 conditions. For type 1 and 2
conditions, the energy in the WW band increases between the R1 and R3 stations, with a
slight frequency shift of around 0.05 Hz towards the high frequencies. At the R4 station,
the energy decreases significantly and then increases again until the R5 station. For type 3
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conditions, the energy increases until the R3 station, then decreases until the R5 station,
with a frequency shift of 0.02 Hz towards the low frequency.

5. Discussion
5.1. Control of Stationary Wave Inferred by Biomimetic Solution on Wave Dissipation

Figure 6 shows the relationship between the dominant wavelength (calculated after
the peak period) of the wave forcing with respect to wave dissipation through the full
solution (Hs,ror/H1 tor). An anti-dissipative effect occurs for forcing wavelengths around
37 m, corresponding to a peak period of 6.47 s. It appears that this length corresponds to
that of the biomimetic solution projected on a segment between the R1 and R5 stations.
Moreover, anti-dissipation occurs mainly for intermediate conditions, which are of type 2,
possibly type 1 and very rarely type 3 (see also Figure 3, where Hs ror/Hy ror > 1).

Occurence (%)
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Figure 6. A plot of the wavelength A, and peak period T};; defined at the R1 station as a function
of Hstor/Hj ror for each burst. Bursts related to different meteo-marine condition types are
represented by different colours. The grey dots represent the burst not related to the different meteo-
marine condition types. The wavelength is calculated from each frequency peak for each burst with
the approximation of Guo [69]. The peak period is calculated from the peak frequency. The vertical
dashed line separates the dissipative (Hs ror/Hj,ror < 1) and anti-dissipative (Hs ror/H1,roT > 1)
domains. The horizontal dashed line is placed at Ay = 37 m (T = 6.47 s), which is roughly equal to
the diagonal length of the biomimetic solution.

Having noticed that a wave characteristic (the peak wavelength) is related to a geo-
metrical property (the length of the biomimetic solution), we propose verifying whether
the anti-dissipative effect could be linked to a resonance phenomenon. In a closed basin,
Rabinovich [73] defines seiche (also called “harbor oscillation” in semi-enclosed basin) as
a long stationary wave whose period varies between a few seconds to hours. In such a
context, waves coming from the open sea enter into resonance locally or entirely with the
basin geometry. The eigen modes of a closed-basin oscillation can be calculated from its
geometrical features and depth. In the case of a semi-open rectangular basin with constant
depth, the period of the eigen modes is:

P AL o

(2n+1)\/gh
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where T" is the period of the n-th eigen mode and L the length of the basin. The higher the
eigen mode (very large n), the less energetic the resonant wave harmonic. Figure 1 shows
the external contour of the biomimetic solution as a rectangular zone whose western edge
is parallel to the harbour jetty. This domain has a length of 28 m, a width of 25 m and an
average depth of 3.3 m. Applying Equation (9), the eigen mode of order 1 has a period of
6.56 s.

Rabinovich [73] also proposes a 2D version of Equation (9) for rectangular basins of
length L, width | and constant depth h:

= 2l G o0

where T™" is the period associated with the m,n-th eigen mode. By applying Equation (10)
on the external contour defined above, an eigen mode is found for m =1 and n = 1 that is
associated with a period of 6.55 s.

The similarity between Rabinovitch T' and T'! periods and those observed in the
field (Figure 6) suggests that the biomimetic solution may behave like a rectangular semi-
enclosed basin open to the south. Such a behaviour would mean that the modules develop-
ing throughout the water column act as walls.

However, other features could be at the origin of resonance. First, a resonant basin of
20 m in length could develop between the jetty and the western edge of the biomimetic
solution (acting as a wall). For this basin, no eigen mode with a period of the order of 6.5 s
is found with the Rabinovitch approach. A second resonant basin could extend between the
biomimetic solution and the dyke named A in Figure 1 with a length of 176 m. In this case,
the ninth eigen mode with a period of 6.51 s fits the measured period. However, the energy
associated with the ninth eigen mode must be negligible in front of the first mode, which,
in this case, shows no energy. Thus, the second resonant basin is not an option. A similar
result is obtained with a third basin of length 211 m extending between the biomimetic
solution and the beach to the north (point B in Figure 1) for which the eleventh eigen mode
has an associated period of 6.44 s.

Rabinovitch formalism shows that the biomimetic solution generates resonant waves
for forcings with a wavelength of the same order of magnitude as the length of the solution,
independently of the geometry of the jetties surrounding the solution. Resonant waves
are known as particularly destructive in harbour contexts. The design of the biomimetic
solution should consider the generation of long waves within the structure itself. A study
of the hydrodynamic context in which the structure will be deployed should be carried out
to identify the wavelengths associated with the dominant forcings. The dimensions of the
structure could then be adapted to avoid the generation of such waves.

5.2. Defining an Empirical Drag Coefficient for the Biomimetic Solution

Generally, an empirical Cp is calculated after measurements carried out in a laboratory
or in the field. In this section, Cp is derived from wave properties and wave dissipation
measured during the Palavas-les-Flots experimentation. Cp is then expressed as function of
Keulegan—Carpenter K¢ and Reynolds R, numbers and is compared with other analytical
expression of Cp from the literature. Although the literature offers several dozens of
reference on the question, only articles performing an analysis on flexible or rigid structures
extending over the full water column are considered.

First, Equation (5) is rewritten to express Cp as a function of wave number k, some
geometrical properties (Is, h and S,,f) and dissipation coefficient Kp which is directly
calculated with H; ror at the R1 and R5 stations following Equation (4). The Reynolds
R, and Keulegan—Carpenter K- numbers are derived after measuring the orbital velocity
(Equation (7)) and wave period. Then, Cp is plotted as a function of R, (resp. K¢), and
two laws in the form of Equation (6) are fitted on the experimental data (Figure 7a,b). The
negative values of Cp are removed, as they correspond to points with no dissipation (see
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Section 5.1), i.e., Hs tor/H1, 70T > 1 (total of 239 bursts). The calculated Cp values range
from 0.096 to 188.9, decrease with increasing K¢ or R, and develop in a range similar to
that described in the literature (see Table 3), although the fitted Cp laws in the case of the
biomimetic solution are generally shifted in R, with respect to that already established
(Figure 7c). The spreading of the values is due to the several meteo-marine conditions
measured during the experiment, as observed by Paul and Amos [37]. The quality of the fit
with Equation (6) is relevant when considering all data and for type 3 conditions, but not
for type 1 and 2. The correlation coefficient obtained for energetic conditions is better than
for all data. In such conditions, R, and K¢ are greater than during fair weather conditions,
and the values of Cp converge rapidly to a constant with limited spreading [30]. Moreover,
Cp calculated over kelp (not extending over the full water column, unlike those presented
in Table 3) range between 0.2 and 1 for K¢ values ranging between 5 and 150 [39,74]. Such
values are lower than that presented in Figure 7d.
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Figure 7. Empirical Cp represented as a function of the Reynolds R, number (a) and the Keulegan—
Carpenter K¢ number (b) for all bursts. Bursts related to different meteo-marine condition types
are represented by different colours. The grey dots represent bursts not related to the different
meteo-marine condition types. Empirical Cp laws as a function of (c¢) R, and (d) K¢ in comparison
with other analytical expression of Cp from the literature (see Table 3). Dashed lines represent the
new empirical Cp laws calculated with the equivalent diameter volume Dy,. Empirical Cp is shown
as a function of 1/ R, (e). The colours represent the dissipation intervals over which the new fitted
laws are calculated. The optimised parameters associated with each interval are presented in the
table next to the plot (f).
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In Figure 7c, the position of the experimental curves depends upon the features of the
biomimetic structure, in particular, the diameter D. The relationships between Cp and R,
(or K¢) from the literature [30,34,40,56] are plotted for observed R, in a range from 10? to
3 x 10%, corresponding to aquatic vegetation with representative diameters in the order of
a few centimetres. The Cp curves for the biomimetic structure (solid red and gray lines in
Figure 7c,d) fit the extension in R, of those extracted from the literature. They were derived
for a representative diameter of D = 3 cm, not taking into account the fronds around the
central main rope. However, the fronds occupy a significant volume in the water column
and must contribute to the dissipation. Thus, the effect of fronds on Cp is overcome by
redefining D.

Table 3. A list of relations between Cp and R, or K¢ presented in the literature. Type: L—laboratory
study, I—in situ deployment, A—analytical/numerical modelling. u.: characteristic velocity measured at
the bottom (B) and top (T) of the structure. Wave: regular (R) or irregular (I) wave.

Reference Type Structure Formulas Ranges u. Wave
Cavallaroetal. [56] L Amﬁgiﬁyﬂ’ﬁ;donm Cp = (2100/R)"7 4000 <R, <9500 T R
Jadhav and Chen [30] I Spartina alterniflora Cp = 2(1300/R, + 0.18) 600 < R, < 3200 B I
Cp = 70K 086 25 < K¢ < 135 B I
. Artificial Spartina B 127
Anderson and Smith [31] L alterniflora Cp =076 + (744.2/R,) 533 < R, < 2296 T I
Cp = 1.1+ (27.4/Kc)30%8 26 < K¢ < 112 T I
Hu et al. [75] L Wooden rods Cp = 1.04+ (730/ R, )% 300 < R, <4700 T R
Ozeren et al. [76] L Birch dowels Cp = 2.1+ (793/R,)>%® 400 < R, <4300 T R
Cp = 1.5+ (1230/R,)%% 200 < R, <1600 T I
Houser et al. [22] L Seml'ﬂvi’;fclle balsa - ' 0001 + (2500/R,)11 1200 <R. <5300 T R
Seml'ﬂe;g’le cable - 0001+ (2750/R)6 50 < R, <450 T R
. Polyurethane . 0.5952
Yin et al. [77] A cylinders Cp = (150.5/K¢) 50 < Kc<350 T R
Wang et al. [40] L PVC cylinder Cp =042+ (0.77/Kc)*  002<Kc <028 T R
Wang et al. [41] L PVCcylinder =~ Cp = 0.75+ (4467.28/R,)''1® 918 <R, <3839 T R
Cp =141+ (10.72/Kc)'1 274 <K <1714 T R
Haddad et al. [58] I Spartina alterniflora Cp = 207R; 0611 250 < R, <2000 T I
Cp = 435K "% 20<Kc<450 T I
Present study I Artificial kelp Cp = (170873.77 /R, )*78 532 < R, < 16798 T I
Cp = (35701.61/R,)'* 2410 < R, < 16798 T I
Cp = (672.23/K¢)%8 23<Kc<722 T I
Cp = (155.82/K¢)'3 108 <Kc<722 T I

A new diameter is defined as the volume-equivalent diameter Dy. Following Dal-
rymple et al. [52], Dy represents the diameter of a vertical rigid cylinder whose volume
equals that of the solid portions constitutive of a biomimetic structure. Dy is calculated
by digging a 1 m long portion of biomimetic structure in a known quantity of water and
measuring the subsequent change in the water volume V. The expression of Dy is given by
Dy = \/4V /(). Following this definition, the Dy calculated for a biomimetic structure
is 5.15 cm. By applying the same approach as explained above, new empirical Cp laws
are obtained (red and gray dashed—dotted lines in Figure 7c,d). Introducing Dy in the
calculation of Cp results in a limited change in Cp as a function of R, (Figure 7c) and a
more significant effect on Cp as a function of K¢ (Figure 7d), and does not improve the
correlation coefficients. Last, Cp calculated with or without Dy is in the range of the values
found in the literature.
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Alternatively, we investigate how to improve the correlation coefficient R? of the
empirical Cp laws (Figure 7a,b) by bypassing the existing uncertainties on parameters S,.f,
D, Is;, Kp and h. In doing so, we highlight the parameters that clearly control variations in
Cp together with R, (resp. K¢) as Cp values vary widely. Figure 7e shows Cp as a function
of 1/R, for different ranges of the total dissipation measured through the biomimetic
solution. For a given 1/R,, Cp increases with the total dissipation Hs ror/Hj 10T, and
thus, with Kp through Equations (4) and (5). From this observation, a new expression
for Cp is proposed. Equation (5) is rewritten to express Cp as a function of Kp. The
term sinh kh appears and is rewritten as a function of the Reynolds number R, and orbital
velocity thanks to Equation (7), so that

2 2
K03 ap ap

Cp = ayu + () <> +1 11
D = aam | —p- R, (11)

7 = HaD cosh kl =kh =
n Kp.
2k, f(sinh kls>+3 sinh kls )/ *2 Ty  COSNKis, &3 and ay D

The experimental bursts are classified in seven intervals of Hs ro7/Hj o1 values. It
appears that these intervals follow a clear organisation (Figure 7e), which introduces some
control of Cp by the parameters, leading to dissipation. For each dissipation interval, a
Cp law is calculated following Equation (11). Parameters «; to a4 are set by numerical
optimization, specifically using a nonlinear least squares method, using the Python module
scipy.optimise. Figure 7f shows the optimal parameters and the associated correlation
coefficients for the seven Cp laws. First, except for extremely low dissipation rates, the coef-
ficient correlation R? obtained from Equation (11) is clearly better than that from the initial
formulation. This can be explained by the fact that the formalism of Kobayashi et al. [34]
relies mostly on data from flume experimentation, where dissipation is explored in a re-
strictive range and fails to capture the spreading of Cp. When field data are available,
Equation (11) can be advantageously used to provide a more suitable value of Cp.

Defining an experimental Cp as a function of wave dissipation, while analytical laws
of wave dissipation all rely on the expression of Cp , is somewhat paradoxical. However,
this paradox can be easily resolved keeping in mind that determining experimental Cp
and using the analytical Cp law do not serve the same purpose. Analytical Cp laws are
essentially used in numerical modelling to reproduce the bottom friction effect, whereas
experimental Cp is used to characterise the protection solution’s resistance against the fluid,
in other words, the dissipation properties of the solution. For a given solution, experimental
Cp obtained under various forcing conditions can be resumed by an experimental law. The
law proposed in Equation (11) enables Cp to be adjusted for the solution studied, whose
geometric parameters are already known, as is the hydrodynamic context in which it is set.
In such a context, coastal managers who would plan to deploy the studied solution have the
opportunity to estimate Cp, without carrying out any experimentation. More generally, the
design of an innovative protection solution would be improved by performing a systematic
field campaign on wave dissipation over the solution, providing an adapted Cp law for
this solution.

where a1 =

6. Conclusions and Perspectives

In this paper, a set of pressure time series is used to explore frequency-dependent
wave energy dissipation over a biomimetic, soft, artificial solution that emulates natural
kelps. The dissipation is calculated from the theory of Dalrymple et al. [52] on a flat bottom
under the assumption that the structure studied, made of central vertical rope extending
from the bottom to surface of the water, to which two fronds are tied at regular 10 cm
intervals, although complex and fully flexible, can be represented by a rigid cylinder.

The wave height decays by 10%, whatever the meteo-marine forcing recorded. Such
a reduction is attributed to the presence of the biomimetic solution, since it is located far
from the breaking zone and bottom friction is negligible. However, these parameters were
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estimated and could not be measured directly in the field. A preliminary deployment
without the protection solution would allow the bottom friction to be quantified. As the
deployment zone is located in a sensitive site where authorisations must be obtained to
install an instrumental device, no preliminary deployment could be carried out.

Wave dissipation shows frequency dependence. Infragravity waves gain up to 35%
of their energy through the biomimetic solution, unlike swell and shorter waves that are
attenuated by up to 25%. Energy variations in each frequency band must be explained
by the action of the biomimetic structure and not by frequency band-to-band energy
transfer, shoaling or bottom friction. Moreover, stationary waves are trapped within the
biomimetic solution and have an anti-dissipative effect at the lee side of the solution for
forcing conditions with frequencies close to the first resonant mode. Last, the biomimetic
solution cannot be seen as a wall of a semi-enclosed basin extending from the solution
toward the beach or toward the dyke. In addition, no pressure sensors were deployed
beyond the biomimetic solution. No measurements were taken to determine if resonant
waves propagate outside the biomimetic solution, which could have helped verify whether
the solution can be considered as a wall.

To handle the complex geometry of a biomimetic structure in the expression of the
drag coefficient Cp, the concept of volume-equivalent diameter Dy is defined as the diame-
ter of a vertical rigid cylinder whose volume is equal to the volume of the solid portion
of the biomimetic structure. However, introducing Dy does not significantly change the
values of Cp with respect to R, or K¢ and does not improve the correlation. Alternatively,
a last type of Cp law is explored, which relies on four parameters (combinations of wave
and geometrical properties). For several subsets of Cp values for distinct ranges of dissi-
pation ratio, the four parameters are calculated by optimization and define Cp laws with
correlation coefficients slightly improved with respect to the expression of [34]. These new
Cp laws, depending upon the dissipative properties of the biomimetic solution, could be
advantageous when the characterization of a biomimetic solution’s dissipative properties
relies on field observation, or improve the Cp interval in the design of such a solution.
However, further studies under in situ conditions are needed to test this new empirical law,
as well as to share the measurements made on wave dissipation and frequency dependence
through flexible protection solutions.

In the future, the design of biomimetic solution geometry must deal with the in-
crease in both IG and trapped waves. These processes may be explored further with a
numerical model to test different conditions, such as the placement and density of the
modules, with the aim of (i) limiting the increase in long-wave energy and (ii) maximising
wave dissipation.
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