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A BARRIER TO MITIGATE UNDERWATER SOUND EMITTED BY INDUSTRIAL ACTIVITY AT SEA IN THE SCOPE OF THE AGESCIC PROJECT -EXPERIMENTAL RESULTS AND INTERPRETATION USING SIMPLIFIED MODELS

Industrial activity at sea, such as the installation of offshore platforms, wind farms or other marine renewable energy devices, and underwater construction in littoral waters, is increasing steadily. In accordance with the MSFD [1], the European Directive published in 2008 requiring member states to ensure good environmental status in the maritime domain, it is important to mitigate the impact of such anthropogenic activity on marine animals, including the effects of turbidity and underwater sound. In the scope of the AGESCIC European "Life Project", a barrier has been developed, both to retain the emission of particles and sediment around the site of operation and to reduce radiated sound. The concept consists in an air layer encapsulated in elastomeric membranes connected on to the other by fibers. In this paper, the acoustic performance of the barrier is determined experimentally, using different samples tested in a water tank facility. Due to the fact that acoustic measurement is not possible at very low frequencies, the transmission coefficient curve is extrapolated using simplified models, after having fitted the predictive model to experiment at higher frequency. The results show a very good efficiency, i.e. a low transmission coefficient, in a wide frequency range including low frequency.

INTRODUCTION

There is an increasing concern among the scientific community about the environmental impact anthropogenic activity at sea and the impact on marine life, in particular regarding biodiversity and population of marine animals (cetaceans, but also fish and invertebrates). In that context, different measures are taken at national or international level, one of the most important being the MSFD [1], the European Directive published in 2008 requiring member states to ensure good environmental status in the maritime domain, and one of the disturbances is underwater sound. The literature is now abundant on the issue, and among these a recent position paper is available [START_REF]Racket in the oceans: why underwater noise matters, how to measure and how to manage it, i3-CRG[END_REF].

There are many anthropogenic activities that can produce significant underwater sound, which are listed in a paper related to standardization issues in underwater acoustics [START_REF] Audoly | Mitigation of Underwater Radiated Noise Related to Shipping and Its Impact on Marine Life: A Practical Approach Developed in the Scope of AQUO Project[END_REF]. An important cause of disturbance is maritime traffic, which has increased steadily in the past decades. That topic is addressed by different initiatives and projects, in particular the AQUO Project [START_REF] Audoly | Standardization in Underwater Acoustics -Current status and on-going actions[END_REF].

Other sources of underwater noise, cited in [START_REF] Audoly | Mitigation of Underwater Radiated Noise Related to Shipping and Its Impact on Marine Life: A Practical Approach Developed in the Scope of AQUO Project[END_REF], are:

• Undersea oil and gas fields survey and exploitation: use of underwater air guns, offshore platforms, drilling systems, special vessels, • Marine renewable energy and marine based construction [START_REF] Judah | Noise issues during the installation of offshore windfarms[END_REF],

• Exploitation of sea floor: dredging, sea floor mining. One of the most important disturbances is during construction of wind farms, in particular the pile driving operation. This has led to regulations enforced in some countries and in the edition of an international standard for measurement of pile driving underwater sound [START_REF] Robinson | An international standard for the measurement of underwater sound radiated from marine pile-driving[END_REF]. With the objective to mitigate underwater sound emitted by pile driving, and more generally from any undersea construction activity, different industrial solutions are considered [START_REF] Nehls | Assessment and costs of potential engineering solutions for the mitigation of the impacts of underwater noise arising from the construction of offshore windfarms[END_REF], [START_REF] Elmer | New Hydro Sound Dampers to reduce piling underwater noise[END_REF].

AGESCIC is a European "Life Project", which started in 2019, with main objective to complete the development and to test new solutions to mitigate the environmental impact of coastal infrastructures construction (Fig. 1). The approach is based on the unique association of three different concepts:

• A curtain for confinement of underwater sound and turbidity: the SubSea Quieter ® • A system for the monitoring of environmental impacts of turidity and underwater sound: Smart-PAM+ • A system for the mitigation of negative impacts and to restore the ecosystems of fish in coastal areas: AVOREST. The present paper is focusing on the evaluation of the acoustical efficiency of the SubSea Quieter®. It is characterized by the transmission coefficient of a sample immersed in water, submitted to an incident acoustic wave. The characterization should be carried out on a wide frequency range, including low frequency, as it is admitted that a large number of marine species is sensitive to low frequency sound. Direct measurement of transmission coefficient at low frequency (typically bellow 2 kHz) would require very large samples and acoustic tank facilities. Therefore, the approach used here is a combination of actual measurement in a water tank and a simplified acoustic model of the curtain. The paper will present first a description of the curtain, then the method used for the characterization, and the results.

PRESENTATION OF THE CONCEPT

The idea to obtain a low transmission coefficient device of incoming underwater sound waves is to insert a low impedance layer of material in the medium water. This is achieved by air-filled strips or modules encapsulated in a fiber-reinforced membranes. For shallow waters, the concept can be implemented in two versions (Fig. 2): one in the form of a vertical curtain, in order to reduce sound emission from an area, the other in the form of a cylindrical structure, to be deployed around a pile during the pile driving operation. The main technological challenge is to obtain a product with good resistance to handling operations and to the maritime environment. For that purpose, a specific internal structure is adopted, one typical example being shown on Fig. 3. The membranes are in fiber-reinforced polymer (assumed here to be polyethylene) and are connected one to the other by a network of smalldiameter polyester fibers. Different technological variants have been tested, differing by the base materials used and the connectivity pattern between the membranes. The one shown on Fig. 3, called NG1B, lead to the best results. 

RESULTS FOR ACOUSTIC EFFICIENCY

The evaluation was done mainly through experiments on test panels in an acoustic water tank. However, due to the relatively low dimensions of the samples, and to the limitations related to the facility and to the measurement technique, it wasn't possible to get results at low frequencies, typically below 1 kHz.

For that reason, a simplified acoustic model of the curtain is developed. First, it allows interpreting the results and understanding how it works acoustically speaking. Second, it allows extrapolating the experimental results to lower frequencies, which are of interest for the impact on marine life.

Experimental results

Different samples have been tested in the acoustic tank facility of the NPL (National Physical Laboratory), at Teddington, UK. Although that facility allows measurements at large static pressure in order to simulate water depth in ocean environment, that functionality was used here at low static pressure, corresponding to shallow waters (1.3 bar). The measurement method used is described in ref. [START_REF] Humphrey | Acoustic characterization of panel materials under simulated ocean conditions using a parametric array source[END_REF], the main feature being the use of a parametric transducer array that focuses sound on the sample without exciting its edges, allowing more reliable measurements at low frequency, down to 1 kHz. The measured quantity (in dB) is the frequency-dependent transmission coefficient of the sample, assumed to be of infinite lateral extent, submitted to a harmonic plane wave in water, defined by: (1) where p inc is the amplitude of the incident pressure wave and p t is the amplitude of the transmitted pressure.

Fig. 4 shows the level of the transmission coefficient of sample NG1B at different relevant static pressure, for frequencies between 1 kHz and 10 kHz. The levels are very low, from -20 dB at low frequency, down to -50 dB at higher frequencies. Furthermore, the performance doesn't vary significantly when incresing the static pressure, for three values relevant for the application of interest. 

Modeling

A simplified acoustical model of the NG1B has been developed, using an homogeneization technique of principle illustrated on Fig. 5: the relatively complex structure of the noise barrier is replaced by an equivalent homogeneous material defined only by the thickness h, the effective (or equivalent) mass density ρ eq and speed of sound c eq . That approximation by a fluid-like layer is possible because here only normal incidence is considered. In a first step, the effective stifness of the internal layer is homogenized by putting in parallel the stifness of the air layer and the stifness of the polyester fibers (driven by the section ratio and their Young's modulus). In a second step, the effective mass density is determined by a simple mixture model. Two options are considered: simulation N°1 without taking into account the membranes, simulation N°2 with the membranes. The formulas used are derived below, and the effective properties are given in Table 1.

( 1 )

where ρ A and c A are mass density and speed of sound of air, E F is Young's modulus of the fibers' material, N F the number of fibers per unit surface and D the diameter of the fibers.

Regarding the equivalent density:

• For simulation option N°1:

(2a)

• For simulation option N°2:

(2b) ρ M and h M are the mass density and thickness of the membranes, and here we have:

• h F =h A =28 mm • h M =1 mm.
Parameter Simulation 1 Simulation 2 K eq (Pa)

4.10 6 4.10 6 ρ eq (kg/m 3 ) 2.4 65 c eq (m/s) 1300 250

Table 1. Effective properties of the material with the two options of simulation.

Once equivalent acoustic properties are fixed, the prediction of the transmission coefficient in water is given by a simple acoustic model for a layer of homogeneous material, Eq. (3). ,

where Z eq =ρ eq c eq and Z w are the acoustic impedances of the equivalent material and of water, respectively, and k eq =2πf/c eq .

The results with comparison with experiment are shown on Fig. 6. The agreement between simulation N°1 and experiment is relatively good in the overall. Howerver, it appears that the assuption behind simulation option N°2 (including the membranes in the homogeneization) is not relevant. Indeed, the material of the membranes has mechanical properties close to water, so their acoustical effect is negligible. Their role in the concept is air encapsulation.

Extrapolation to low frequency

Here, despite the use of a special technique to reduce the effects of acoustic scattering from the edges of the sample, the uncertainty of measurements of test materials in a water tank facility is larger when going to low frequency. Also, results are not available below 1 kHz.

On the other hand, the protection of marine life requires covering a wide frequency band, including low frequency. Therefore, an estimate of the acoustic efficiency of the barrier is needed below 1 kHz. The simplified simulation model is used for that purpose. Because there is a good match between experiment and siulation at higher frequency, it is thought that the model is also reliable a low frequency. Fig. 7 shows the transmission coefficient with the frequency in logarithmic scale in order to have a better visualization. For example, the transmission coefficient at 100 Hz is about -11 dB, confirming the interest of that concept for low frequency underwater sound mitigation. 
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 1 Figure 1. Illustration of the scope of AGESCIC Project.
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 2 Figure 2. Principle of the SubSea Quieter® concept, (a) linear configuration, (b) cylindrical configuration.

Figure 3 .

 3 Figure 3. Test sample of the SubSea Quieter® concept.
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 4 Figure 4. Experimental transmission coefficient of sample NG1B at three different static pressures.
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 5 Figure 5. Principle of the homogeneization technique used for the simplified modeling of the material.
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 6 Figure 6. Transmission coefficient, comparison between experiment and simulations.
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 7 Figure 7. Estimation of the transmission coefficient at low frequency using the simplified models.
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