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In vitro and in situ tests to evaluate the bacterial colonization of cementitious materials in the marine environment
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Civil engineers have a responsibility to take measures to protect marine biodiversity by selecting more bioreceptive construction materials in the design of marine infrastructure, for better biodiversity conservation. In this study, it was shown that pre-carbonation of cementitious materials accelerates their bacterial colorization by lowering the pH of their surface. It has been shown both in the laboratory and in-situ tests that the bacterial colonization of cementitious materials is influenced by the pH and the type of cement. By comparing the bacterial colonization of Portland cement mortars, CEM I, and slag cement, CEM III, mortars, it was found that the CEM III mortars are more bioreceptive than the CEM I mortars. This study presented and verified a novel experimental laboratory approach which can be used to evaluate the bacterial colonization (bioreceptivity) of cementitious materials in marine environment. The approach could be taken up in future recommendations to enable engineers to eco-design more eco-friendly marine infrastructure and develop green-engineering projects.

Introduction

There is a world concern to develop a new project based on ecological reconciliation, through a "win-win" approach between human and nature [START_REF] Rosenzweig | Win-win Ecology: How the Earth's Species Can Survive in the Midst of Human Enterprise[END_REF]. Today, cementitious materials such as concrete are essential materials for the construction of marine structures such as marine ports and coastal structures [START_REF] Dupray | L'utilisation du b� eton pour les ouvrages maritimes : synth� ese franco-anglaise des bonnes pratiques[END_REF][START_REF] Allen | Concrete in maritime works[END_REF][START_REF] Oleson | The ROMACONS project: a contribution to the historical and engineering analysis of hydraulic concrete in roman maritime structures[END_REF]. There is an increasing research effort into ways that coastal infrastructure can be built to meet engineering requirements, while also increasing its value as habitat for marine life to the benefit of both engineering and nature [START_REF] Chapman | Evaluation of ecological engineering of "armoured" shorelines to improve their value as habitat[END_REF][START_REF] Pioch | Green marine construction[END_REF][START_REF] Pioch | Enhancing ecoengineering of coastal infrastructure with eco-design: moving from mitigation to integration[END_REF][START_REF] Perkol-Finkel | Seascape architectureincorporating ecological considerations in design of coastal and marine infrastructure[END_REF][START_REF] Temmerman | Ecosystem-based coastal defence in the face of global change[END_REF][START_REF] Ferrario | The effectiveness of coral reefs for coastal hazard risk reduction and adaptation[END_REF]. Structures are aimed to be constructed with a minimal impact on the existing environment and with a maximal possible development of new ecological habitat to encourage ecosystems that replace those that may be lost [START_REF] Souche | interaction des ouvrages avec leur environnement. le milieu maritime, collection[END_REF][START_REF] Browne | Ecologically informed engineering reduces loss of intertidal biodiversity on artificial shorelines[END_REF]. Combining engineering techniques and ecological understanding can provide cost-effective ways of maintaining or enhancing biodiversity [START_REF] Pioch | Enhancing ecoengineering of coastal infrastructure with eco-design: moving from mitigation to integration[END_REF][START_REF] Martins | Enhancing stocks of the exploited limpet Patella candei d'Orbigny via modifications in coastal engineering[END_REF][START_REF] Souche | De la conception � a l'� eco-conception des ouvrages maritimes : int� egrer la nature au projet d'am� enagement maritime[END_REF].

The engineers who design civil engineering structures must carry out intensive investigations to ensure a minimum service life of the structures while respecting the economic constraints [START_REF] Yi | A review on the deterioration and approaches to enhance the durability of concrete in the marine environment[END_REF]. In the marine environment, cementitious materials are exposed to a multitude of actions of different natures (physical, chemical and biological) which can be aggressive towards the material and act synergistically, leading to the deterioration of the structure [START_REF] Yi | A review on the deterioration and approaches to enhance the durability of concrete in the marine environment[END_REF][START_REF] Sosa | Influence of the marine environment on reinforced concrete degradation depending on exposure conditions[END_REF][START_REF] Mehta | Durability of concrete in marine environment-A review[END_REF][START_REF] Collepardi | Concrete durability in a marine environment[END_REF]. Although actions of a mechanical and physicochemical nature are generally well understood and are subject to standards and recommendations, the actions of a biological nature are much less considered and often neglected [START_REF] Jacob | Marine ecosystem restoration and biodiversity offset[END_REF]. However, it should be noted that the durability of the material and biological interactions between the material and the environment are interconnected, as degradation of concrete structures has been observed to vary in intensity and rate of appearance and propagation due to the presence of microorganisms [START_REF] Hughes | Microbial degradation of synthetic fibre-reinforced marine concrete[END_REF][START_REF] Hughes | Microscopic study into biodeterioration of marine concrete[END_REF][START_REF] Wang | Biodeterioration of asbestos cement (AC) pipe in drinking water distribution systems[END_REF][START_REF] Ma | Microbiologically influenced corrosion of marine steels within the interaction between steel and biofilms: a brief view[END_REF]. The biological interactions between concrete and the marine environment can lead to biodegradation or bioprotection of marine structure [START_REF] Ma | Microbiologically influenced corrosion of marine steels within the interaction between steel and biofilms: a brief view[END_REF][START_REF] Chlayon | Combined protective action of barnacles and biofilm on concrete surface in intertidal areas[END_REF][START_REF] De Muynck | Bacterial carbonate precipitation improves the durability of cementitious materials[END_REF]. Any undesirable change in the properties caused by the activities of living organisms is considered cementitious material to be used.

Materials and methods

Preparation of cementitious materials specimens

Three types of cementitious materials were produced: concrete, cement paste and mortar. Table 5 gives an overview over the investigated samples, the pre-treatment, the exposure and the techniques applied.

Preparation of cement paste specimens

In order to test our laboratory experimental approach, a Portland cement paste was prepared by mixing (mixer, 500 rpm for 60 s and 1000 rpm for 30 s) in a ratio w/c of 0.5, Portland cement (Portland cement CEM I 52,5 N PM ES) and water. After mixing, the cement pastes were cast in cylindrical molds with 2.2 cm diameter and 2 cm height and were kept 7 days at 20 � C in a laboratory room. Then, the cement pastes were demolded and placed for 7 days in the laboratory room at 20 � C.

Preparation of mortar specimens

In order to study the influence of the type of cement and surface pH on the natural bacterial colonization of mortars, four types of mortar specimens were prepared; two with CEM I Portland cement (Portland cement CEM I 52.5 N PM ES), and two with CEM III (composed of 60% of ground granulated blast-furnace slag NF EN 15167-1, provided by Ecocem, N � CAS: 65996-69-2). Table 1 shows the major constituents of this type of slag.

The mortar had a water-cement-ratio (w/c) of 0.5 and was composed of 450 g cement and 1350 g sand (see Table 2). After mixing, the mortars were cast in cylindrical molds with 5.5 cm diameter and 6 cm height and were kept sealed with a lid at 20 � C. After 7 days of hardening, mortar samples with a diameter of 2.8 cm and a height of 3 cm were cut out from mortar cylinders. In order to reduce excessive leaching of Ca(OH) 2 during the test, the cut mortar specimens were first immersed in distilled water for at least 14 days with weekly water replacement. This preleaching has the role of lowering the pH of the surface and then makes easier material colonization.

After the pre-leaching procedure, half of the mortar samples were placed at 20 � C in an aerated chamber for 7 days to obtain carbonated mortar samples (Table 2). The surface pH was evaluated using pH paper Fig. 1. Biofouling in the marine environment. (A) Schematic representation of marine biofouling formation [START_REF] Ogunola | Anti-biofouling defence mechanism of basibionts (A chemical warfare) -a critical review[END_REF]. (B) Photo of marine biofouling [START_REF] Souche | De la conception � a l'� eco-conception des ouvrages maritimes : int� egrer la nature au projet d'am� enagement maritime[END_REF].

Table 1

Chemical composition of the blast furnace slag (traces of TiO 2 , Na 2 O and K 2 O are also detected in the slag [START_REF] Bellmann | Activation of blast furnace slag by a new method[END_REF]). as biodeterioration of concrete [START_REF] Sanchez-Silva | Biodeterioration of construction materials: state of the art and future challenges[END_REF]. Microorganisms affect the stability of concrete by contributing to surface erosion, which increases the porosity of the surface and thus reduces the protection of the concrete cover. Increased porosity of the concrete cover leads to more efficient transport of aggressive ions (C l À , Mg 2þ , OH À ) which can accelerate reinforcement corrosion, cracking, flaking and other damage [START_REF] Hughes | Microbial degradation of synthetic fibre-reinforced marine concrete[END_REF][START_REF] Hughes | Microscopic study into biodeterioration of marine concrete[END_REF][START_REF] Wei | Microbiologically induced deterioration of concrete -a Review[END_REF]. In contrast, microorganisms can also protect the colonized concrete by forming a physical barrier that reduces surface permeability, leading to better durability of the cementitious materials [START_REF] Chlayon | Combined protective action of barnacles and biofilm on concrete surface in intertidal areas[END_REF][START_REF] Patil | Impact of biofouling on corrosion resistance of reinforced concrete[END_REF][START_REF] Soleimani | Growth and characterization of Escherichia coli DH5α biofilm on concrete surfaces as a protective layer against microbiologically influenced concrete deterioration (MICD)[END_REF][START_REF] Perkol-Finkel | Ecologically active concrete for coastal and marine infrastructure: innovative matrices and designs[END_REF][START_REF] Coombes | Cool barnacles: do common biogenic structures enhance or retard rates of deterioration of intertidal rocks and concrete?[END_REF][START_REF] Bartoli | Biological colonization patterns on the ruins of Angkor temples (Cambodia) in the biodeterioration vs bioprotection debate[END_REF].

In seawater, concrete and any natural or artificial substrata quickly become fouled [START_REF] Dobretsov | Mini-review: inhibition of biofouling by marine microorganisms[END_REF][START_REF] Mieszkin | Interactions between microbial biofilms and marine fouling algae: a mini review[END_REF][START_REF] Terlizzi | Fouling on artificial substrata[END_REF]. The term "fouling" is defined as the colonization of any solid surface, living or dead, natural or artificial by living organisms in a marine or wet environment [START_REF] Dobretsov | Inhibition of biofouling by marine microorganisms and their metabolites[END_REF][START_REF] Fusetani | Biofouling and antifouling[END_REF][START_REF] Flemming | Biofouling-the Achilles heel of membrane processes[END_REF][START_REF] Farhat | Role of feed water biodegradable substrate concentration on biofouling: biofilm characteristics, membrane performance and cleanability[END_REF]. This colonization can be divided into two main stages, micro-fouling and macro-fouling, which are characterized respectively by the formation of bacterial biofilm on the surface and the adhesion of macro-organisms such as algae, barnacles and larvae (macro-fouling) (Fig. 1) [START_REF] Souche | De la conception � a l'� eco-conception des ouvrages maritimes : int� egrer la nature au projet d'am� enagement maritime[END_REF][START_REF] Mieszkin | Interactions between microbial biofilms and marine fouling algae: a mini review[END_REF][START_REF] Ogunola | Anti-biofouling defence mechanism of basibionts (A chemical warfare) -a critical review[END_REF].

Within minutes of immersing, organic molecules and particles are adsorbed onto the surface of cementitious materials, which is later colonized by bacteria that form a biofilm. Bacterial biofilms are composed of one or multiple bacteria species attached to the substratum (and to each other) and encased within a matrix of extracellular polymeric substances (EPS) [START_REF] Dobretsov | Mini-review: inhibition of biofouling by marine microorganisms[END_REF]. The formation of bacterial biofilm involves i) the reversible and irreversible adhesion of microbial cells to the surface of the cementitious material, ii) the growth and maturation of the biofilm with the secretion of EPS, iii) the partial detachment and dispersion of microbial cells. Mature biofilms have complex, three-dimensional structures, which depend on the species composition of the biofilm, bacterial activity and environmental conditions [START_REF] Evans | Structure and function of biofilms[END_REF][START_REF] Stoodley | Biofilms as complex differentiated communities[END_REF][START_REF] Hayek | The marine bacterium shewanella woodyi produces C8-HSL to regulate bioluminescence[END_REF]. However, bacteria (bacterial biofilm) are the first colonizers that facilitate the adhesion of other organisms such as fungi, microalgae, macroalgae and invertebrates [START_REF] Salta | Marine biofilms on artificial surfaces: structure and dynamics[END_REF][START_REF] Brian-Jaisson | Identification of bacterial strains isolated from the Mediterranean sea exhibiting different abilities of biofilm formation[END_REF][START_REF] Briand | Metabarcoding and metabolomics offer complementarity in deciphering marine eukaryotic biofouling community shifts[END_REF][START_REF] Dobretsov | Love at first taste: induction of larval settlement by marine microbes[END_REF]. Fouled structure is characterized by the thickness, density, structure, composition, bioadhesive strength and weight of fouling organisms (Fig. 1).

Understanding the interactions between microorganisms and cementitious materials is crucial and constitutes a fundamental step towards more durable, safer and higher quality structures in many contexts [START_REF] Perkol-Finkel | Ecologically active concrete for coastal and marine infrastructure: innovative matrices and designs[END_REF][START_REF] Lors | Interactions Materials -Microorganisms: Concrete and Metals More Resistant to Biodeterioration[END_REF][START_REF] Ottel� E | Comparative life cycle analysis for green façades and living wall systems[END_REF][START_REF] Perini | Designing green façades and living wall systems for sustainable constructions[END_REF]. However, as mentioned, the material's bioreceptivity (ability to be colonized by living organisms) is determined by the nature and the physico-chemical properties of the surface [START_REF] Lors | Interactions Materials -Microorganisms: Concrete and Metals More Resistant to Biodeterioration[END_REF][START_REF] Pande | Metabolic cross-feeding via intercellular nanotubes among bacteria[END_REF]: the chemical composition [START_REF] Dubosc | � Etude du d� eveloppement de salissures biologiques sur les parements en b� eton: mise au point d'essais acc� el� er� es de vieillissement[END_REF][START_REF] Dalod | Influence de la composition chimique de mortiers sur leur biod� et� erioration par les algues, phdthesis[END_REF][START_REF] Dalod | Influence of the chemical composition of mortars on algal biofouling[END_REF][START_REF] Manso | Bioreceptivity evaluation of cementitious materials designed to stimulate biological growth[END_REF], roughness [START_REF] Souche | Effets de b� etons bio-actifs sur la colonisation marine en environnement m� editerran� een[END_REF][START_REF] Tran | Influence of the intrinsic characteristics of mortars on their biofouling by pigmented organisms: comparison between laboratory and field-scale experiments[END_REF], porosity [START_REF] Tran | Influence of the intrinsic characteristics of mortars on their biofouling by pigmented organisms: comparison between laboratory and field-scale experiments[END_REF][START_REF] Tran | Influence of the intrinsic characteristics of mortars on biofouling by Klebsormidium flaccidum[END_REF][START_REF] Govin | Ability in biofouling by Klebsormidium flaccidum of mortars: influence of the intrinsic characteristics[END_REF], hydrophobicity [START_REF] Dalod | Influence de la composition chimique de mortiers sur leur biod� et� erioration par les algues, phdthesis[END_REF][START_REF] Guillitte | Bioreceptivity: a new concept for building ecology studies[END_REF][START_REF] Giannantonio | Effects of concrete properties and nutrients on fungal colonization and fouling[END_REF][START_REF] Miller | Bioreceptivity of building stones: a review[END_REF], and pH [START_REF] Tran | Influence of the intrinsic characteristics of mortars on their biofouling by pigmented organisms: comparison between laboratory and field-scale experiments[END_REF][START_REF] Manso | Development of a low pH cementitious material to enlarge bioreceptivity[END_REF]. In the marine environment, additional studies are necessary to determine the different factors that can influence the biocolonization of cementitious materials. The main factors seem to be the pH, the chemical composition and the surface roughness [START_REF] Miller | Bioreceptivity of building stones: a review[END_REF][START_REF] Grosseau | Effect of the chemical composition of building materials on algal biofouling[END_REF][START_REF] Miller | The influence of inherent properties of building limestones on their bioreceptivity to phototrophic microorganisms[END_REF][START_REF] Mcmanus | Partial replacement of cement for waste aggregates in concrete coastal and marine infrastructure: a foundation for ecological enhancement?[END_REF].

In order to study the influence of the type of cement (chemical compositions) and surface pH on the bacterial colonization of cementitious materials immersed in seawater, this paper presents laboratory and field experiments allowing quantification of bacterial biofilm formed on cementitious materials with different cement and surface pH. The longer-term objective of this study is to develop an experimental approach that could help civil engineers to design green-marine structures by specifying the type and physicochemical characteristics of (described below) and the phenolphthalein solution [START_REF] Manso | A review of sample preparation and its influence on pH determination in concrete samples[END_REF]. When applied, phenolphthalein indicators give a pink color to the non-carbonated surface while the surface becomes colorless if it is carbonated.

Table 2gives an overview of the four types of mortar specimens: 1carbonated CEM I, 2-Non-carbonated CEM I, 3-carbonated CEM III, 4-Non-carbonated CEM III. The abbreviation, cement type used, composition and pre-treatment for the four specimens are specified.

Preparation of concrete specimens

Concrete specimens used in this study (Table 5) were extracted from concrete discs (diameter 11 cm and height 7 cm) already prepared in 2016 by Souche et al. [START_REF] Souche | De la conception � a l'� eco-conception des ouvrages maritimes : int� egrer la nature au projet d'am� enagement maritime[END_REF][START_REF] Souche | Effets de b� etons bio-actifs sur la colonisation marine en environnement m� editerran� een[END_REF]. Table 3 shows information regarding the composition of the concrete. The concrete was prepared with water to cement ratio of 0.6, a Portland cement CEM I 52.5 N PM ES (the same type of cement is used in mortar and cement paste samples), sand (0/4, Languedoc Roussillon Mat� eriaux, LRM), a natural silica-limestone gravel (5.6/11.2, LRM), and a superplasticizer with a high water reducing properties.

The concrete samples used in this study (diameter 2 cm and height 0.3 cm) were obtained by coring (with a crown of 2.2 cm) and sawing the concrete discs. Each concrete sample obtained after sawing was inspected and selected to be representative (presence of paste and aggregates). The samples obtained from the end of the discs were considered as carbonated samples and the rest of the cylinder was considered as non-carbonated. The samples obtained were hermetically stored in sealed tubes for 1 day and then emerged in seawater. As was the case for mortars, the pH of the concrete surface was evaluated using pH paper and the pH indicator phenolphthalein. The phenolphthalein test revealed that the sawn samples at the end of the discs are carbonated, which is not the case with the sawn samples from the rest of the discs (Fig. 2).

Biofilm laboratory test

Biofilm laboratory test was performed on both concrete and cement paste samples. In both cases, the medium used was seawater recovered from the IFREMER station at Palavas (Biology Research Unit for exploited marine organisms) in sterile glass bottles (autoclave, 121 � C for 15 min). The chemical composition of this seawater resembles to that of the Mediterranean Sea (Table 4).

In the case of concrete, two types of samples were used, carbonated and non-carbonated concrete, while in the case of cement paste the variable was the medium used; natural and sterile seawater (natural seawater autoclaved by an autoclave at 121 � C for 15 min). An overview of the samples prepared, how they are exposed, and how they are investigated is proposed in Table 5.

To carry out this test, sterile samples of concrete or cement paste (sterilized by autoclave at 121 � C for 15 min) were deposited on the bottom of the 250 ml sterile Erlenmeyer flasks (Duran, Dutscher 092049) containing 50 ml of seawater (4 samples/Erlenmeyer flask) [START_REF] Soleimani | Growth and characterization of Escherichia coli DH5α biofilm on concrete surfaces as a protective layer against microbiologically influenced concrete deterioration (MICD)[END_REF]. The Erlenmeyer flasks, sealed with caps (screw cap GL45 with Polytetra-Fluorethylene filter membranes), were then incubated at 20 � C and 80 rpm to ensure the oxygenation of the medium which is necessary for the growth of microorganisms. After each incubation period (0, 1, 2, 8, 10, 15, 25 and 35 days), the samples were recovered from the Erlenmeyer flasks and were gently rinsed three times with 1 ml of sterile seawater to remove non-adhered microorganisms from their surfaces. Then, the adhering bacteria were detached from the surface using an ultrasonic bath (Bandelin SONOREX™) for 10 min at 20 � C (the samples are placed in sterile tubes containing sterile seawater and the tubes are immersed in the ultrasonic bath). The obtained solution was diluted using sterile seawater. Then, 100 μl of diluted solution were spread on plates containing Marine Agar (Dutscher, 490614). These plates were then incubated at 20 � C and colony count was performed at least 72 h. The results are expressed as colony forming units per cm 3 of cementitious materials (CFU/cm 3 ). This biofilm quantification method known as "culture-based methods" is widely used in the literature [START_REF] De Muynck | Bacterial carbonate precipitation improves the durability of cementitious materials[END_REF][START_REF] Verdier | A review of indoor microbial growth across building materials and sampling and analysis methods[END_REF][START_REF] Lv | Influence of marine microorganisms on the permeability and microstructure of mortar[END_REF]. In this method, the culture medium has a major impact on microorganism growth. We used in this study the Marine Agar, a medium which is widely used for the culture of marine bacteria [START_REF] Hayek | The marine bacterium shewanella woodyi produces C8-HSL to regulate bioluminescence[END_REF][START_REF] Høvik Hansen | Improved method for phenotypical characterization of marine bacteria[END_REF][START_REF] Díaz-García | Implications in studies of environmental risk assessments: does culture medium influence the results of toxicity tests of marine bacteria?[END_REF].

pH measurement

pH measurements of the seawater and the surface of the cementitious materials were performed using pH electrode (Hanna instrument, HI1230, accuracy 0.1 pH unit) and pH indicator paper (Whatman, 0.0 to 14.0, accuracy 1 pH unit) respectively. In the case of the pH measurement of seawater, the pH electrode was rinsed thoroughly with distilled water before being dipped in a well-agitated seawater (30 ml). The pH value was noted when the pH reading is stable. In the case of cementitious materials, one ml of ultra-pure water (Milli-Q water) was added to the surface of the sample. After 1 min, the pH paper was deposited on the 

Table 4

Main ionic species present in the Mediterranean seawater [START_REF] Vichot | La durabilit� e des b� etons[END_REF].

Ionic species Cl À SO 4 2- Br À Na þ Mg 2þ Ca 2þ K þ Concentration (g/L) 17.8 2.5 0.2 10.0 1.5 0.4 0.3

Table 2

Types and compositions of mortar specimens investigated in this study.

surface and the pH value was evaluated after 30 s of contact between the pH paper and the surface [START_REF] Tran | Influence of the intrinsic characteristics of mortars on their biofouling by pigmented organisms: comparison between laboratory and field-scale experiments[END_REF][START_REF] Tran | Influence of the intrinsic characteristics of mortars on biofouling by Klebsormidium flaccidum[END_REF]. Then, this pH was verified using phenolphthalein indicator (goes from colorless to pink at pH � 9). This method allows evaluating the pH of the surface and not the pH of the complete material. It should be noted that this evaluated pH can be influenced by the biofilm present on the surface. However, the use of phenolphthalein and pH indicator paper allows the rather qualitative evaluation of the pH of the surface and does not give an accurate quantification of the pH of the material [START_REF] Manso | A review of sample preparation and its influence on pH determination in concrete samples[END_REF].

Biofilm in-situ test

Biofilm in-situ test was carried out using the 4 types of mortars. The in-situ exposure site is located at the IFREMER station in Palavas (France). It is a flat basin (polyester, length 6 m height 0.6 m and width 2 m) with a seawater inlet and outlet, which allows for an open water circuit.

To ensure the correct progress of the experiment and to avoid any type of contamination, the basin was first cleaned and disinfected. Mortar samples sterilized in the laboratory by autoclave were then placed in the basin and completely covered with seawater.

After each incubation time (0, 1, 3, 8, 15 and 45 days), three mortar samples of each mortar type were used to quantify the formation of bacterial biofilm. The bacterial colonization are quantified as described above and the results are presented as colony forming units per cm 3 of mortar (CFU/cm 3 ).

Statistical analyses

To evaluate the significance of the different results obtained, statistical analysis was done via GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA) using t-test, one-way and two-way ANOVA tests.

Statistical significance was accepted by P value < 0.05 obtained using Bonferroni or Tukey multiple comparison post-tests.

Results and discussion

Biofilm laboratory test using cement paste samples

Several studies have been dedicated to the development of a laboratory test for the evaluation of the bioreceptivity of cementitious materials [START_REF] Soleimani | Growth and characterization of Escherichia coli DH5α biofilm on concrete surfaces as a protective layer against microbiologically influenced concrete deterioration (MICD)[END_REF][START_REF] Giannantonio | Effects of concrete properties and nutrients on fungal colonization and fouling[END_REF][START_REF] Manso | Evaluation of natural colonisation of cementitious materials: effect of bioreceptivity and environmental conditions[END_REF][START_REF] Escadeillas | Accelerated testing of biological stain growth on external concrete walls. Part 1: development of the growth tests[END_REF][START_REF] Kaushal | Qualitative investigation of microbially induced corrosion of concrete in sanitary sewer pipe and manholes[END_REF]. The laboratory test must be reproducible, inexpensive and easy to carry out. It should also discriminate the intrinsic parameters of cementitious materials for biocolonization. The studies carried out are rather focused on building materials with air as an environment, or sewer systems with wastewater as an environment. However, no study to date has been carried out on maritime structures meaning with seawater as environment, as is done in the current study. The bacterial biofilm developed on the surface of paste samples immersed in seawater under laboratory conditions was quantified during 34 days. Since the development of bacterial biofilm is influenced by the alkalinity of the medium and that of the surface to be colonized, the pH of the surface of the cement paste samples and seawater was measured throughout the experiment. The results obtained are shown in Fig. 3.

pH of cement paste surfaces

The pH of the surface is very basic already from the start of this test, with a value equal to 11.75 (Fig. 3 A). The pH was also verified using phenolphthalein indicators which gave a pink coloration after contact with the surface of the cement paste indicating a pH higher than 9. The pH of the pore solution of hydrated cement paste with CEM I ranges generally between 13 and 14 [START_REF] De Weerdt | Hydration mechanisms of ternary Portland cements containing limestone powder and fly ash[END_REF]. The measured pH of the surface is therefore lower than expected. This might be due to the pre-treatment of the samples. When cement paste is immersed or in contact with seawater, it will leach due to the high ionic strength of the pore solution of the cement paste compared to the seawater. The pH of a CEM I paste is generally between 13 and 14 whereas the pH of seawater varies between 7.5 and 9.0, with an average of around 8.2 [START_REF] Halevy | The geologic history of seawater pH[END_REF][START_REF] Odier | Le cuivre en solution dans l'eau de mer: forme chimique et dosage: � Etude par polarographie � a tension sinusoïdale surimpos� ee[END_REF]. Alkali metals such as potassium, as well as calcium and hydroxide ions will leach out of the cement paste which will lead to a decrease in the pH of the material [START_REF] Tang | Influence of calcium leaching on chloride diffusivity in cement-based materials[END_REF]. However, the pH of the surface of the cement paste remained almost constant throughout our test. There are two potential reasons for this: (1) the cement paste has been pre-leached during the pre-treatment and reached some kind of steady state prior to the experiment. (2) the volume of the exposure solution (seawater) is constant a rather small (50 ml) which can have lead to rapid saturation of the solution with alkali metals, calcium and hydroxide limiting further leaching during the experiment.

pH of seawater

The "carbonic acidbicarbonate -carbonate" system is the main pH buffer for seawater. The pH of seawater varies between 7.5 and 9.0, with an average of around 8.2 [START_REF] Halevy | The geologic history of seawater pH[END_REF][START_REF] Odier | Le cuivre en solution dans l'eau de mer: forme chimique et dosage: � Etude par polarographie � a tension sinusoïdale surimpos� ee[END_REF]. Fig. 3 B shows that the pH measured for seawater was 8.2 at the start of the experiment. Due to leaching, the pH of seawater gradually increases to reach a value of 12 after 8 days of immersion. Then, the pH remains almost constant throughout the experiment at a value between 11.5 and 12.

Quantification of bacterial biofilm

In their natural or artificial environment, the majority of microorganisms adhere to biotic or abiotic surfaces. This microorganism-surface duality is conditioned by the properties of the substrate, properties of the bacterial surface, and environmental conditions [START_REF] Lors | Interactions Materials -Microorganisms: Concrete and Metals More Resistant to Biodeterioration[END_REF]. In seawater, the microorganisms live at pH values around 8.2 and colonize all natural or artificial surfaces emerged [START_REF] John | Marine Biofouling and its Prevention on Underwater Surfaces[END_REF][START_REF] Woods | MARINE FOULING AND ITS PREVENTION[END_REF]. Fig. 3C shows that the adhesion of bacteria to cement pastes was impossible throughout the experiment. This can be explained by the very basic pH of the seawater and of the cement paste surface (Fig. 3 A andB); a very basic or very acidic pH can inhibit the biofilm formation by marine microorganisms [START_REF] Barberousse | Etude de la diversit� e des algues et des cyanobact� eries colonisant les revêtements de façade en France et recherche des facteurs favorisant leur implantation[END_REF][START_REF] Vishwakarma | Studies of detailed Biofilm characterization on fly ash concrete in comparison with normal and superplasticizer concrete in seawater environments[END_REF][START_REF] Olivia | The influence of micro algae on corrosion of steel in fly ash geopolymer concrete: a preliminary study[END_REF].

Biofilm laboratory test using concrete samples

The results obtained with the laboratory test on cement paste show that the pH of the surface and the seawater alkalinity have a crucial role in the bacterial colonization of cementitious materials under laboratory conditions. Under these conditions, it is impossible to work with nonpre-carbonated or non-pre-leached cementitious materials whose high surface pH inhibits the adhesion of marine bacteria on the surface.

In order to avoid this high surface pH, another test was carried out in the laboratory under the same conditions as the previous one. This time, the test was carried out using concrete discs naturally cured for 4 years and stored at 20 � C in a laboratory room [START_REF] Souche | Effets de b� etons bio-actifs sur la colonisation marine en environnement m� editerran� een[END_REF]. Two types of concrete discs were obtained from these specimens; carbonated (low pH) and non-carbonated (basic pH) (see materials and methods). The advantage of working with these samples is to use concrete with a moderate pH (pH < 10) which does not affect the alkalinity of seawater during immersion.

In order to validate our experimental approach and study the influence of carbonation on the biocolonization of concrete surfaces in the marine environment, carbonated (low pH) and non-carbonated (basic pH) concrete samples were incubated in the laboratory (Erlenmeyer flasks) at 20 � C and 80 rpm in natural seawater. The bacterial biofilm formed on the concrete surface was quantified after 0, 1, 3, 7, 10, 15, 24, 29 and 60 days. Similarly, the pH of the concrete surface and the pH of seawater were determined. The results obtained are shown in Fig. 4.

pH of concrete surfaces

The pH at the surface of the carbonated and non-carbonated samples at T0 is 8 and 10 respectively (Fig. 4 A). The surface has also been sprayed with phenolphthalein indicator, resulting in a pink coloration only for the non-carbonated surface. Then, the pH measured at T0 is smaller than the known pH for carbonated and non-carbonated concrete surfaces, 9 and 12 respectively [START_REF] Chang | The experimental investigation of concrete carbonation depth[END_REF][START_REF] Possan | CO2 uptake potential due to concrete carbonation: a case study[END_REF]. This difference can be explained by the aging of these concrete samples prepared and stored in a laboratory room before 4 years (natural carbonation). In contact with air, concrete is under the action of a carbonation reaction (aging) due to CO 2 . CO 2 from the atmosphere diffuses in gaseous form into the pores of concrete and dissolves in the pore solution, and reacts to CaCO 3 thereby lowering the pH of the pore solution. This phenomenon gradually changes the chemical composition and the pH of concrete [START_REF] Vishwakarma | Studies of detailed Biofilm characterization on fly ash concrete in comparison with normal and superplasticizer concrete in seawater environments[END_REF][START_REF] Chang | Influence of carbonation on "maximum phenomenon" in surface layer of specimens subjected to cyclic drying-wetting condition[END_REF][START_REF] Liu | Effects of Ca(OH)2 -CaCO3 concentration distribution on the pH and pore structure in natural carbonated cover concrete: a case study[END_REF].

Upon immersion, leaching and colonization by bacteria [START_REF] Tang | Influence of calcium leaching on chloride diffusivity in cement-based materials[END_REF][START_REF] Lv | A review: microbiologically influenced corrosion and the effect of cathodic polarization on typical bacteria[END_REF] lead to a gradually decrease of the pH of the carbonated and non-carbonated surfaces and reaching a value of 6.5 after 15 days of immersion. Upon further immersion the pH remains almost constant until the end of the experiment (Fig. 4 A).

pH of seawater

Fig. 4 B shows that the pH of the seawater containing non-carbonated samples increases to 10 after 1 day of immersion due to Ca(OH) 2 and KOH release (leaching). Hereafter, the pH gradually decreases to 8 after 7 days of incubation and then remains almost constant until T60. However, in the case of carbonate samples the pH remains almost constant throughout the experiment, which indicates that the use of precarbonated samples in the laboratory prevents the increase of the pH of the seawater and then allows continuous growth of microorganisms.

Quantification of bacterial biofilm

Fig. 4C shows that the formation of bacterial biofilm on the carbonated and non-carbonated samples started with a latency phase followed by a phase of growth and accumulation of cells on the surface. These kinetics of the colonization process were also observed by Tran et al. during in vitro and in-situ colonization tests on mortar samples in air [START_REF] Tran | Influence of the intrinsic characteristics of mortars on their biofouling by pigmented organisms: comparison between laboratory and field-scale experiments[END_REF][START_REF] Tran | Influence of the intrinsic characteristics of mortars on biofouling by Klebsormidium flaccidum[END_REF].

In the case of carbonated samples, the formation of bacterial biofilm was spontaneous with an almost non-existent lag phase. The biofilm accumulation on the surface reaches a maximum after 7 days of incubation and then decreases slightly to reach a plateau phase. However, in the case of non-carbonated samples, an induction phase of 7 days was observed and the biofilm formation reached a maximum after 24 days of incubation with a value equal to that in the case of carbonated samples (Fig. 4C). Then, a plateau phase was observed until T60.

The lag period difference between this two sample cases can be explained by the basic (value equal 10) and lower pH (value equal 8) at T0 of the non-carbonated and carbonated samples respectively. This influence of surface pH has also been identified in several studies concerning the biocolonization of cementitious materials. These studies showed a higher lag phase in the case of non-carbonated samples [57,58, (2004) showed that carbonation promotes the attachment and growth of microorganisms (algae) during accelerated laboratory tests [START_REF] Dooley | PH-NEUTRAL CONCRETE for ATTACHED MICROALGAE and ENHANCED CARBON DIOXIDE FIXATION -PHASE I[END_REF][START_REF] Guilbeau | Algae attachment on carbonated cements in fresh and brackish waters-preliminary results[END_REF][START_REF] Prieto | Biofilm quantification on stone surfaces: comparison of various methods[END_REF].

In addition, a decrease in the surface pH was found to be necessary for the bacterial biofilm development on non-carbonated samples; the biofilm growth started at 5 days when a decrease in the surface pH from 10 (T0) to 9 (T5) was observed. These results indicate that carbonation plays a primary role in concrete biocolonization in seawater. This pH effect of concrete is widely known in the literature: it has been proven that a concrete surface must have a low pH (carbonated surface) in order to be colonized by microorganisms [START_REF] Tran | Influence of the intrinsic characteristics of mortars on biofouling by Klebsormidium flaccidum[END_REF][START_REF] Olivia | The influence of micro algae on corrosion of steel in fly ash geopolymer concrete: a preliminary study[END_REF][START_REF] Ramachandran | Nanophase modification of concrete for Enhancement of microbial properties and durability: present status and future scope[END_REF].

In summary, the presented laboratory test is effective and allows a quick and inexpensive way to test the bioreceptivity of cementitious material intended to be immersed in seawater. With this work, it has been shown that the pre-carbonation of concrete accelerates the development of bacteria on their surface by lowering their pH, which shortens the latency phase observed in the case of carbonated samples.

Biofilm in-situ test using mortar samples

In order to (i) compare the results obtained in the laboratory test with the natural bacterial colonization of cementitious materials (ii) study the influence of the type of cement and surface pH on the bioreceptivity of cementitious materials, four types of mortar specimens (non-carbonated CEM I, carbonated CEM I, non-carbonated CEM III, carbonated CEM III) were immersed in seawater under natural conditions at IFREMER institute (Palavas -France). The bacterial biofilm formed on the mortar surface was quantified after 0, 1, 3, 8, 10, 15 days. At the same time, the pH of the mortar surface and the pH of seawater were determined.

pH of mortar surfaces

Fig. 5 A shows that the pH of CEM I mortar samples at T0 is around 9.3 and 7.3 in the case of non-carbonated and carbonated mortars respectively, which indicates that the carbonation and leaching of the samples during their preparation succeeded in lowering the pH of the mortars (see materials and methods). After immersion, in the case of non-carbonated samples, the pH decreases gradually and reaches a value of CEM I and CEM III mortars. These results confirm the conclusion obtained from the laboratory test; carbonation promotes the attachment and growth of bacterial biofilm on cementitious materials in marine environment.

However, carbonation of cementitious materials leads to a decrease in pH but also to a change in the mineral phases on the surface such as the appearance of calcium carbonate [START_REF] S� | Carbonation of concrete with construction and demolition waste based recycled aggregates and cement with recycled content[END_REF][START_REF] Pandey | Investigation on the effects of acidic environment and accelerated carbonation on concrete admixed with rice straw ash and microsilica[END_REF]. In the marine environment, the formation of bacterial biofilm is influenced by the presence of divalent cations such as Mg 2þ and Ca 2þ [START_REF] Mangwani | Calcium-mediated modulation of Pseudomonas mendocina NR802 biofilm influences the phenanthrene degradation, Colloids Surf[END_REF][START_REF] He | Mg2þ/Ca2þ promotes the adhesion of marine bacteria and algae and enhances following biofilm formation in artificial seawater, Colloids Surf[END_REF][START_REF] Geesey | Influence of calcium and other cations on surface adhesion of bacteria and diatoms: a review[END_REF][START_REF] De Weerdt | The effect of sea water on the phase assemblage of hydrated cement paste[END_REF][START_REF] De Weerdt | Towards the understanding of chloride profiles in marine exposed concrete, impact of leaching and moisture content[END_REF][START_REF] Jakobsen | Elemental zonation in marine concrete[END_REF]. In general, Ca 2þ enhanced the biofilm growth in a dose-dependent manner by binding to the EPS components of the biofilm (especially extracellular DNA), whereas Mg 2þ significantly increased the cell growth in biofilm [START_REF] Mangwani | Calcium-mediated modulation of Pseudomonas mendocina NR802 biofilm influences the phenanthrene degradation, Colloids Surf[END_REF][START_REF] Das | Influence of calcium in extracellular DNA mediated bacterial aggregation and biofilm formation[END_REF]. We propose that the pre-carbonation of the samples before immersion increases the formation of bacterial biofilm not only by the decrease in pH but also by the change in the mineral phases on the surface.

CEM I vs CEM III mortar samples

Fig. 7 shows that the type of cement has a large influence on the bacterial colonization of cementitious materials in marine environment. The formation of bacterial biofilm is significantly higher in the case of CEM III mortars regardless of the state of carbonation. For example, at 3 days of incubation, the bacterial colonization of carbonated CEM III mortar is approx. 10 times greater than that of carbonated CEM I mortars (Fig. 7 A). At 8 days of incubation, the bacterial colonization of noncarbonated CEM III mortars is about 5 times greater than that of carbonated CEM I mortars (Fig. 7 B). These results are in agreement with the literature in which a similar effect of chemical composition on the biocolonization of cementitious materials has been reported [START_REF] Souche | Effets de b� etons bio-actifs sur la colonisation marine en environnement m� editerran� een[END_REF][START_REF] Guillitte | Bioreceptivity: a new concept for building ecology studies[END_REF][START_REF] Grosseau | Effect of the chemical composition of building materials on algal biofouling[END_REF][START_REF] He | Mg2þ/Ca2þ promotes the adhesion of marine bacteria and algae and enhances following biofilm formation in artificial seawater, Colloids Surf[END_REF]. In addition, Ahmed showed that cementitious materials prepared with CEM III are more bioreceptive than those formulated by CEM I using laboratory and field-scale tests in river water [START_REF] Ahmed | Etude de l'encrassement biologique de mat� eriaux cimentaires en eau de rivi� ere : analyse de l'influence des param� etres de surface des pâtes cimentaires[END_REF].

In the marine environment, bacterial biofilms are known to interact directly with macro-fouling organisms [START_REF] Salta | Marine biofilms on artificial surfaces: structure and dynamics[END_REF][START_REF] He | Mg2þ/Ca2þ promotes the adhesion of marine bacteria and algae and enhances following biofilm formation in artificial seawater, Colloids Surf[END_REF] and differences in biofilm community structure and quantity may influence their attachment [START_REF] Mieszkin | Interactions between microbial biofilms and marine fouling algae: a mini review[END_REF][START_REF] Rajitha | Role of bacterial biofilms and their EPS on settlement of barnacle (Amphibalanus reticulatus) larvae[END_REF]. The physical properties of bacterial biofilms, biotic composition of biofilms, and accumulation of chemical compounds, as well as the dynamics of these parameters provide a discriminative mechanism in shaping biofouling communities including algal, larvae and of 7.5 at T15 due to leaching. However, in the case of the carbonated samples, the pH of the mortar surface remains nearly constant throughout the experiment.

The CEM I and CEM III mortar samples were prepared in the same way and they were subjected to the same carbonation and leaching conditions. Similarly to the case of CEM 1 samples, the pH of CEM III mortars at T0 is of the order of 8.6 and 7.3 for non-carbonated and carbonated samples respectively (Fig. 5 B). As in the case of CEM I mortars, the pH of non-carbonated CEM III mortars gradually decreases over time and reaches a value of 7.3 at T15 while the pH remains almost constant in the case of carbonated samples.

Temperature and pH of seawater

Fig. 5C shows that the seawater temperature remained almost constant throughout the experiment with an average of 20.8 � C (between 21.4 � C at T0 and 23.5 � C at T15), which is an optimal temperature for the growth of most marine bacteria [START_REF] Hayek | The marine bacterium shewanella woodyi produces C8-HSL to regulate bioluminescence[END_REF][START_REF] Stanley | Salinity effect on the maximal growth temperature of some bacteria isolated from marine environments[END_REF][START_REF] Xu | Screening, identification and properties study of marine bacteria producing alkaline cellulase[END_REF][START_REF] Delille | Influence of temperature on the growth potential of Southern polar marine bacteria[END_REF]. Temperature is an environmental factor which acts on the biocolonization of cementitious materials [START_REF] Nuhoglu | The accelerating effects of the microorganisms on biodeterioration of stone monuments under air pollution and continental-cold climatic conditions in Erzurum, Turkey[END_REF][START_REF] Viles | Global environmental change and the biology of heritage structures[END_REF][START_REF] Shirakawa | Climate as the most important factor determining anti-fungal biocide performance in paint films[END_REF][START_REF] Tran | Influence of the Intrinsic Characteristics of a Mortar on its Ability to Resist to the Biofouling, Theses[END_REF]. Maintaining optimal environmental conditions for the growth of microorganisms facilitates the discrimination of the support parameters (intrinsic parameters of cementitious materials) for biocolonization of cementitious materials. In 2014, Tran et al. compared laboratory and in-situ colonization of carbonated and non-carbonated mortar samples in air. With laboratory tests, they found that carbonation affects colonization, whereas this was not observed in the case of the in-situ tests. They explained this observation by climate conditions unfavorable to microorganisms growth during in-situ tests [START_REF] Tran | Influence of the intrinsic characteristics of mortars on their biofouling by pigmented organisms: comparison between laboratory and field-scale experiments[END_REF].

Moreover, the pH of seawater remains constant throughout this test (Fig. 5C). The release of Ca(OH) 2 and KOH resulting from the leaching reaction of the mortar samples after immersion did not affect the pH stability of seawater because the test was carried out here in an open seawater circuit.

Quantification of bacterial biofilm

Fig. 6 shows that the bacterial colonization of CEM I and CEM III mortar samples. It starts with a latency phase followed by a phase of growth and accumulation of cells on the surface, as was the case in the laboratory test. The formation of a bacterial biofilm is faster and higher in the case of carbonated samples compared to the non-carbonated both invertebrate colonization [START_REF] Dobretsov | Inhibition of biofouling by marine microorganisms and their metabolites[END_REF][START_REF] Dobretsov | Love at first taste: induction of larval settlement by marine microbes[END_REF]. For these reasons, we propose that the chemical composition of submerged cementitious materials can influence not only the quantity of bacterial biofilm, but also macrofouling and subsequently biodiversity in the marine environment. To enhancing marine biodiversity, it is better to manufacture marine structures using CEM III cement.

Laboratory versus in-situ tests

Table 5summarizes the results of the laboratory and field tests. The first laboratory immersion test was carried out with noncarbonated cement paste samples. The pH at T0 of these samples was of the order of 12 which increased the pH of the seawater and inhibited the growth of bacteria. This test have shown that biocolonization in laboratory immersion tests only occurs on carbonated or leached samples whose pH is lower than 12.

The second laboratory immersion test was carried out on samples of long-term cured concrete. The pH at T0 of these samples was of the order of 8 and 10 for the carbonated and non-carbonated samples respectively. This low pH of samples kept the average pH of seawater at 8.33. Then, the bacteria were in good growth conditions and they colonized the samples. The results obtained with this laboratory immersion test show that the carbonated samples are colonized more quickly and with a greater amount of bacteria.

Finally, in-situ immersion test was carried out with CEM I and CEM III mortar samples. This immersion test confirmed the results obtained with the second laboratory immersion test; surface carbonation promotes the attachment and growth of bacterial biofilm on cementitious materials in marine environment. However, in the case of CEM I mortars, the lag phase is smaller than that observed in the laboratory immersion test for non-carbonated samples (3 days versus 7 days respectively). Furthermore, in the laboratory immersion test the quantity of bacterial biofilm on the surface is higher. These differences can be explained by the different conditions between the laboratory and the field immersion tests; (i) the use of an open seawater circuit for the field immersion test allowed faster leaching of the non-carbonated samples. (ii) The seawater flow allowed a continuous washing of the sample surfaces, which leads to a partial detachment of the bacterial biofilm throughout the experiment [START_REF] Manso | Evaluation of natural colonisation of cementitious materials: effect of bioreceptivity and environmental conditions[END_REF].

Conclusions

This study proposes a new fast and reliable laboratory test to control factors that can influence the bacterial colonization of cementitious materials in the marine environment in an easy and inexpensive way. This test allows reproducing, with a simple experiment in Erlenmeyer flasks, the results observed with in-situ tests. The study shows that the laboratory tests have made it possible to mimic the natural environment and to lead to similar conclusions: the carbonation (surface pH) and the type of cement play a primary role in cementitious materials colonization by bacteria in the marine environment. Carbonated concrete and mortar are more bioreceptive that the non-carbonated ones in the primary days which is consistent with the literature [START_REF] Dalod | Influence of the chemical composition of mortars on algal biofouling[END_REF]. The type of cement influences the kinetics and the amount of the development of bacterial biofilm and might have an influence on the biocolonization quality in the marine environment (biodiversity). However, after two weeks, both the materials are colonized in accordance with the study of [START_REF] Jakobsen | Elemental zonation in marine concrete[END_REF] [START_REF] Jakobsen | Elemental zonation in marine concrete[END_REF]. Pre-carbonation of the exposed surface seems to have a stronger beneficial effect on biocolonization compared to the chemical composition of the cement.

Eco-design of marine structures is a major focus for many researchers and construction companies working in marine environment, to enhance durability and also since few years to minimize and mitigate human impacts toward "no net loss" on biodiversity policies [START_REF] Souche | De la conception � a l'� eco-conception des ouvrages maritimes : int� egrer la nature au projet d'am� enagement maritime[END_REF][START_REF] Souche | L'� ecoconception maritime : le param� etre mat� eriaux[END_REF]. These companies have long experience in the field of the design of the marine structures and are seeking to improve the construction in marine ecosystems by for example the inspection of the old structures or the use of innovative concrete "eco-blocks" (e.g. https://www.concretelayer. com). We will collaborate with one of these companies to validate the laboratory test proposed in this paper on an industrial scale by carrying out parallel in vitro and in-situ test on real marine structures. We will also delve deeper into some issues such as the effect of hydrophobicity 
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 2 Fig. 2. Phenolphthalein tests on the surface of the concrete samples obtained after sawing. (A) Sample taken from the end of the concrete disc. (B) Sample taken from the rest of the concrete disc.
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 3 Fig. 3. Results obtained with the biofilm laboratory test cement paste samples in seawater. A. pH evaluation of cement surface. B. pH measurement of seawater. C. Quantification of bacterial biofilm. Each experiment was performed in triplicate and the error bars present the standard deviation from the obtained values.

  91]. Similarly, Dooley et al. (1999), Guilbeau et al. (2003), Prieto et al.
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 4 Fig. 4. Results obtained with the biofilm laboratory test using concrete samples. A. pH evaluation of the concrete surface. B. pH evaluation of seawater containing the carbonated and non-carbonated samples. C. Quantification of bacterial biofilm. Each experiment was performed in triplicate and the error bars present the standard deviation of the obtained values.
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 5 Fig. 5. Results of temperature and pH obtained in the biofilm in-situ test using mortar samples. A. pH evaluation of the CEM I mortar samples. B. pH evaluation of the CEM III mortar samples. C. temperature and pH evaluation of seawater. Each experiment was performed in triplicate and the error bars present the standard deviation of the obtained values.
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 6 Fig. 6. Quantification of bacterial colonization of mortar samples. A. CEM I mortar samples. B. CEM III mortar samples. Each experiment was performed in triplicate and the error bars present the standard deviation of the obtained values.

Fig. 7 .

 7 Fig. 7. Formation of bacterial biofilm results using mortar samples. A. Quantification of bacterial biofilm on carbonated CEM I and CEM III mortars. B. Quantification of bacterial biofilm on non-carbonated CEM I and CEM III mortars. Each experiment was performed in triplicate and the error bars present the standard deviation of the obtained values. The experiments highlighted by asterisks were significantly different compared to its control (Bonferroni; *: p < 0.01, ***: p < 0,001) at the indicated time.

Table 3

 3 Composition of concrete prepared in 2016 by Souche et al.[START_REF] Souche | Effets de b� etons bio-actifs sur la colonisation marine en environnement m� editerran� een[END_REF].

	Compound	Density (kg/m 3 )	Quantity (kg/m 3 ) of concrete
	CEM I 52.5 N PM ES	3.19	333.3
	sand (0/4)	2.62	827.0
	Gravel (5.6/11.2)	2.56	961.0
	Superplasticizer	1.06	2.4
	Water	1.00	220.3

Table 5

 5 Results of the laboratory and in-situ tests.
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