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Introduction

Growing ecological concerns and environmental requirements have led French and European industries to show increasing interest in the use of natural fibres as reinforcements in composites. The substitution of synthetic fibres, such as glass, by natural fibres, including flax, hemp or jute, presents technical and environmental advantages due to their renewable nature and low density [START_REF] Duigou | Interfacial properties of flax fibreepoxy resin systems: Existence of a complex interphase[END_REF][START_REF] Summerscales | A review of bastfibres and their composites.Part 1-Fibres as reinforcements[END_REF][START_REF] Shah | Can flax replace E-glass in structural composites? A small wind turbine blade case study[END_REF]. In particular, flax fibres (Linum usitatissimum) offer a combination of low density (1.5 g/cm 3 ), low cost and good specific properties, with the tensile strength and stiffness reported to be as high as 1500 MPa and 90 GPa, respectively [START_REF] Charlet | Tensile deformation of a flax fibre[END_REF][START_REF] Dittenber | Critical review of recent publications on use of natural composites in infrastructure[END_REF][START_REF] Baley | Influence of drying on the mechanical behaviour of flax fibres and their unidirectional composites[END_REF][START_REF] Yan | Flax fibre and its composites -A review[END_REF]. The many differences between flax and glass fibres have prevented a direct transposition from one technology to the other. The poor compatibility between hydrophilic fibres and 2 hydrophobic polymers has been discussed in many research investigations [START_REF] Baley | Influence of drying on the mechanical behaviour of flax fibres and their unidirectional composites[END_REF][START_REF] Yan | Flax fibre and its composites -A review[END_REF][START_REF] Azwa | A review on the degradability of polymeric composites based on natural fibres[END_REF] and is still difficult to improve without heavy chemical treatment. Moreover, elementary flax fibres are made of concentric walls containing numerous cellulosic microfibrils embedded in a matrix of pectic and hemicellulose. In the thickest wall (S2), microfibrils are oriented at 10° with the fibre axis. This complex structure leads to a non-linear tensile behaviour, which has been described in the literature as having a higher slope at small deformations, followed by softening of the curve into a second linear section [START_REF] Charlet | Tensile deformation of a flax fibre[END_REF][START_REF] Gourier | Mechanical analysis of elementary flax fibre tensile properties after different thermal cycles[END_REF].

A potential application for flax fibres is the reinforcement of concrete structures through the external bonding of fibre reinforced polymers (FRP). These materials lead to an additional tensile force at the concrete surface, which opposes deformation and provides an extra layer of protection to the external environment [START_REF] Hollawaylc | A review of the present and future utilisation of FRP composites in the civilinfrastructure with reference to their important in-service properties[END_REF]. Composites currently used in outdoor building civil concrete are mainly manufactured with carbon, glass or aramid fibres and are available in the following two forms: (1) pre-hardened reinforced composite strips glued on site to the concrete and (2) fabrics impregnated on site by hand in a wet lay-up process directly on the substrate. Both techniques require applying sizing on the concrete by a thermosetting resin curing at ambient temperature. The resins used for outdoor concrete reinforcement must have good adhesion with the concrete as well as with the reinforcing fibres; good weather resistance, especially to moisture or rain; and resistance to extreme temperatures and chemicals from the concrete or the environment [START_REF] Afgc | Réparation et renforcement des structures en béton au moyen des matériaux composites -Recommandations provisoires[END_REF]. Numerous attempts to use flax for FRP reinforcement as a glass substitution can be found in the literature [START_REF] Shah | Can flax replace E-glass in structural composites? A small wind turbine blade case study[END_REF][START_REF] Scida | Influence of hygrothermal ageing on the damage mechanisms of flax-fibre reinforced epoxy composite[END_REF][START_REF] Liang | A comparative study of fatigue behaviour of flax/epoxy and glass/epoxy composites[END_REF][START_REF] Assar | Influence of water ageing on mechanical properties and damage events of two reinforced composite materials; Flax-fibres and glass-fibres[END_REF][START_REF] Coroller | Effect of flax individualization on tensile failure of flax/epoxy unidirectional composite[END_REF]; however, a wet lay-up process has not been utilized before.

In this paper, the aim is to introduce and characterize the mechanical behaviour and durability performance of flax fibre reinforced polymer (FFRP) composites using the wet lay-up process, as they would be manufactured for the external strengthening of concrete. Contrary to the hot-press or injection process, the wet lay-up process does not set the thickness or the fibre ratio of the composite. From now the pultruded laminate using flax fibers is not possible but dry fibers sheets are available. The only solution to use these fibers for concrete strengthening is hand-lay up method. The resulting properties depend on the hand lay-up process. Composites are manufactured using different weight bases and flax fabric weaves and a bidirectional glass fabric. The microstructures are compared with tomography observations. The influences of the fabric choice and number of layers on the mechanical properties are then examined through mechanical tensile testing. The experimental data are compared to the predictions of the Hook law of mixture, as adapted by Coroller et al. [START_REF] Coroller | Effect of flax individualization on tensile failure of flax/epoxy unidirectional composite[END_REF]. The different composites are then subjected to natural and accelerated ageing tests to assess the durability performance.

Durability of Flax composite

A great deal of research has been devoted to analysing the durability of fibre reinforced polymer materials and has been compiled by the different design guidelines in civil engineering (ACI 440.18, fib Bulletin 40,etc.). FRP materials used in civil engineering undergo the combined effects of the external environment and the mechanical stresses to which they are subjected by their function. The external environment consists of a set of factors resulting from the cycle of seasons with rain, temperature variations ranging from high temperatures in summer to sometimes negative temperatures in winter, irradiations of sunlight as well as the contact with basic solutions resulting from the contact with the concrete. The main concerns about the environmental exposure are moisture absorption, alkaline attack, temperature / humidity cycles, very high temperatures, UV irradiation, as well as fatigue, creep and fire resistance (Benmokrane 2015, [START_REF] Benmokrane | Residual Tensile Properties of GFRP Reinforcing Bars after Loading in Severe Environments[END_REF]).

Accelerated ageing studies are often preferred over natural ageing tests because of the obvious difficulties related to conducting real-time tests at the time scale of laboratory studies. The accelerated ageing tests typically performed include only one or two ageing factors, such as a degree of humidity at a given temperature, for example, and environmental chamber tests that reproduce, as realistically as possible, an external environment of rain cycles, UV, temperature variations. The ageing parameters are sometimes coupled with mechanical constraints to determine their synergistic effects. For reasons of ease of experimentation and analysis of the results, tests including only one or two factors of ageing are the most often reported in the literature. In particular, these tests make it possible to assess the specific influence of the various factors. The numerous studies carried out on this subject agree that the external factor leading to the most important losses of mechanical properties is the absorption of water by the matrix(FIB Bulletin 40, [START_REF]Externally bonded FRP reinforcement for RC structures[END_REF]).

The effect of the absorption and diffusion of aqueous solutions in composite materials and the bond with the concrete support were studied at different moisture levels and in total immersion, at different temperatures. Additional parameters, such as alkaline or saline solutions or UV irradiations make the determination of the impact of each parameter very complex. In general, the effect of the absorption of aqueous solution leads to a final drop in mechanical properties (modulus and stress) even after drying of the materials (Mc Bagonluri [START_REF] Mcbagonluri | Characterization of fatigue and combined environment on durability performance of glass/vinyl ester composite for infrastructure applications[END_REF], Saadatmanesh & Tannous [START_REF] Saadatmanesh | Durability of FRP rebars and tendons[END_REF], Dejke [START_REF] Dejke | Durability of FRP Reinforcement in Concrete, Literature and Experiments[END_REF]). Polymer matrices are plasticized by water molecules that interfere with Van der Waal bonds in the polymer chains, causing swelling, declining properties and larger deformations (Banks & Gentry [START_REF] Bank | Accelerated test methods to determine the long-term behavior of FRP composite structures: environmental effects[END_REF]). The degradation of the mechanical properties of the composites intensifies above 40 °C to 60 °C depending on the resins, which corresponds to the limit of the glass transition temperature [START_REF] Bank | The effect of material degradation on bond Properties of fiber reinforced plastic reinforcing bars in concrete[END_REF]. It appears from different studies that the coupling between temperature and humidity is complex because a change in temperature affects the diffusion coefficient and the internal structure of the polymer matrix.

The impact of the aqueous solution on the properties of the interface appears to be much more serious than on the properties of the matrix itself. Abanilla et al. [START_REF] Abanilla | Durability characterization of wet lay-up graphite/epoxy composites used in external strengthening[END_REF] and Luo et al. [START_REF] Luo | Moisture absorption in VARTM three dimensional braided carbon-epoxy composites with different interface conditions[END_REF] characterized the impact of aqueous solutions at different temperatures on carbon and glass FRP. The absorption of the solvent leads to a decrease in the glass transition temperature and tensile mechanical properties. The degradation of the failure stress is correlated with the degradation of the fibre-matrix interface, while the traction module E is much less affected. Contact laminates appear to be more sensitive to ageing than pultruded plates because of their heterogeneity, their non-negligible porosity and their higher resin content. Karbahri et al. [START_REF] Vistasp | Durability of Composites for Civil Structural Applications[END_REF] emphasize that the rate of degradations increases with the number of folds due to the increase of resin-rich areas. A compromise must, therefore, be found to optimize the weight of the fabric to limit the number of plies while preserving good impregnation of the fibres. Marouani et al. [START_REF] Marouani | Ageing of carbon/epoxy and carbon /vinylester composites used in the reinforcement and/or the repair of civil engineering structures[END_REF] compared ageing tests of aged VCRP vinyl ester-epoxy composites in a climatic chamber exposed to partially coupled freeze-thaw, moisture and temperature factors of 20 °C / 50 °C. For both ageing temperatures, the mechanical properties of the composites improve by +10 -25% over the first [START_REF] Coroller | Effect of flax individualization on tensile failure of flax/epoxy unidirectional composite[END_REF][START_REF]Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete Structures[END_REF][START_REF]Externally bonded FRP reinforcement for RC structures[END_REF][START_REF] Benmokrane | Residual Tensile Properties of GFRP Reinforcing Bars after Loading in Severe Environments[END_REF][START_REF] Gentry | Accelerated Test Methods to Determine the Long-Term Behavior of Composite Highway Structures Subject to Environmental Loading[END_REF][START_REF] Mcbagonluri | Characterization of fatigue and combined environment on durability performance of glass/vinyl ester composite for infrastructure applications[END_REF] weeks before starting to degrade. This observation is attributed to the post-crosslinking of the polymer resin, with the glass transition temperature of the composites following a parallel evolution. The degradation of the mechanical properties that occurs in the second round of testing was related mainly to the deterioration of the interface between the fibres and the matrix [START_REF] Marouani | Ageing of carbon/epoxy and carbon /vinylester composites used in the reinforcement and/or the repair of civil engineering structures[END_REF]. Overall, the studies agree on the importance of the interface in terms of composite durability (Wagner [29], Dejke [START_REF] Dejke | Durability of FRP Reinforcement in Concrete, Literature and Experiments[END_REF]). The use of coupling agents (silane size of glass fibres, for example) minimizes the phenomenon of removal of the reinforcement and, thus, significantly improves the durability of the properties (Gaur [START_REF] Gaur | Effect of hydrothermal aging of bond strength[END_REF]).

The contact with aqueous solutions leads to the penetration of water and external aggressive agents (oxygen, basic agents, etc.), inducing a loss of properties of the matrix, mainly through plasticization and to a degradation of the fibre-matrix interface, mainly through the differential swelling of materials, leading to the appearance of internal stresses that can create cracks from existing defects or during loading.

Accelerated ageing cycles must be computed in a relevant way to accelerate ageing without introducing degradations that would not have appeared in the natural environment. For FRP, multiple studies show that ageing is drastically accelerated at temperatures close to the Tg of the matrix. [START_REF] Bank | The effect of material degradation on bond Properties of fiber reinforced plastic reinforcing bars in concrete[END_REF] However, these temperatures are rarely reached in the natural environment. Gentry et al. [START_REF] Gentry | Accelerated Test Methods to Determine the Long-Term Behavior of Composite Highway Structures Subject to Environmental Loading[END_REF], therefore, recommend keeping ageing temperatures 10 to 15 °C lower than Tg.

Studies on the impact of thermal ageing on composites without aqueous solutions (Gélébart [31]) highlight competing phenomena when the temperatures remain equal to or lower than the Tg with at the same time a hardening of the matrix occurring, certainly by post-crosslinking, and degradation mainly by thermo-oxidation. Since the oxidation takes place by diffusion of oxygen within the material, the degree of degradation depends directly on the geometry of the specimens, the nature of the polymer and the duration of exposure. The exposure of FRP composites to UV has also been the subject of several studies (Signor [32], Startsev [START_REF] Startsev | Interlayer shear strength of polymer composite materials during long term climatic ageing[END_REF], Bank [START_REF] Bank | Accelerated test methods to determine the long-term behavior of FRP composite structures: environmental effects[END_REF], Kato [START_REF] Kato | Computational model for deterioration of aramid fibre by ultraviolet rays[END_REF]). The polymer matrix undergoes surface degradations that result in a loss of gloss, a yellowing of the colour, the appearance of cracks and loss of mass. These phenomena remain, in general, relatively superficial so that the fibres are not directly affected.

Studies generally agree on the effects of various environmental factors leading to loss of the properties of the composites (moisture, UV, high temperatures). However, these tests do not give access to the life of the reinforcement systems. At most, they can point out the most aggressive factors and emphasize the importance of the implementation and choice of materials on the quality of reinforcements. The comparison of accelerated and outdoor ageing is supposed to validate the equivalence of outdoor exposure / number of cycles.

Overall, natural fibre composites are subject to the same phenomena and degradation mechanisms as synthetic-reinforced composites. Like synthetic composites, moisture is the most aggressive ageing factor, and depends on the temperature, fibre volume fraction, reinforcement orientation, dye and fibre nature, exposed surface area and presence of a protection surface (Joseph [37]). However, the hydrophilic nature of natural fibres makes them much more sensitive to moisture than composites with synthetic fibre reinforcement. Indeed, the moisture absorption of the natural fibres can be very high, typically from 0.7 to 2% after 24 hours, 1-5% after one week and up to 20% after several months for composites reinforced with wood fibres (Dittenber [START_REF] Dittenber | Critical review of recent publications on use of natural composites in infrastructure[END_REF]). The absorption of solvent not only in the matrix but also in the fibres, leads to a physical and chemical ageing not only of the matrix but also of the fibres and to accelerated matrix-fibre interface degradation.

Natural fibres are composed mainly of cellulose fibres in a lignin matrix. They can themselves be assimilated to a composite in which the cellulose meso-fibrils are arranged in a spiral within an amorphous polysaccharide matrix consisting of hemicellulose and pectin. Although cellulose is resistant to hydrolysis and alkali, hemicelluloses are hydrophilic and can be hydrolysed by acids and bases. The hemicelluloses of the plant wall are the components responsible for the absorption of moisture in natural fibres (Methacanon [36]). The absorption phenomenon depends on several factors, such as temperature, fibre volume fraction, reinforcement orientation, dye and fibre nature, exposed surface area and presence of a protection surface (Joseph [START_REF] Joseph | Environmental effects on the degradation behaviour of sisal fibre reinforced polypropylene composites[END_REF]) and is further accentuated by the often hollow morphology (lumen) of the fibres.

Satyanarayana [START_REF] Satyanarayana | Studies on lignocellulosic fibers of Brazil. Part I: Source, production, morphology, properties and applications[END_REF] presents a review of studies on the durability of fibre-reinforced polymer composites that includes moisture degradation, thermal effects, fire and ultraviolet radiation. Moisture absorption by natural fibres affects their physical, mechanical and thermal properties (Dhakal [39]). In fact, the moisture content in the fibre affects the degree of crystallinity, the crystalline orientation, the tensile strength, and the porosity of the fibres. Like matrix polymers, the presence of water can lead to physical and chemical ageing of the natural polypeptides contained in fibres, such as cellulose, that give the fibres their mechanical strength (Satyanarayana [38], Shubhra [START_REF] Shubhra | Mechanical and degradation characteristics of natural silk fiber reinforced gelatin composites[END_REF]). Natural fibres are more sensitive to attack from the external environment, such as biodegradation, phot-oxidation and hydrolysis, than synthetic fibres (Beg [41]). Hemicelluloses are the most sensitive components to thermal and biological degradation and moisture due to their hydrophilic nature. Lignins are sensitive to photooxidation. The fibres must, therefore, be well embedded in the matrix so as not to be in direct contact with the external environment (Wang [START_REF] Sain | Hygrothermal weathering of rice hull/HDPE composites under extreme climatic conditions[END_REF]). In addition to chemical and physical degradation, the high moisture content of the composite favours biological activities such as fungal growth and microbial attack (biodegradation) (Stamboulis [43]). The accelerated ageing tests on natural composites must consequently combine the effect of UV radiation, heat and humidity.

The water absorption also reduces the natural fibre-matrix adhesion even more than in synthetic fibre composites. When a natural polymer composite is exposed to moisture, the water penetrates and binds to the hydrophilic groups of the fibres, establishing an intermolecular hydrogen bond, thereby breaking certain bonds allowing fibre-matrix adhesion. This phenomenon is all the more important as the polymer matrices have a hydrophobic chemical nature. In addition, under the effect of water absorption, natural fibres swell, creating local stress concentrations in the matrix that can lead to microcracks. The leaching of soluble substances on the surface of the fibres accentuates decohesion between the fibres and the matrix [START_REF] Joseph | Environmental effects on the degradation behaviour of sisal fibre reinforced polypropylene composites[END_REF]. Studies on the durability of natural fibre composites show that the fibre volume ratio directly influences the absorption rate of the composite and, consequently, the durability properties (Azwa [START_REF] Azwa | A review on the degradability of polymeric composites based on natural fibres[END_REF]).

The comparison of the influence of ageing in water immersion of glass and flax fibre reinforced composites by Assar et al. [START_REF] Assar | Influence of water ageing on mechanical properties and damage events of two reinforced composite materials; Flax-fibres and glass-fibres[END_REF] confirms the sensitivity of flax fibres to water absorption. Indeed, the water intake for glass composites stabilizes at 1%, while the weight gain is 13.5% for flax composites. In addition, after 40 days of exposure, the flax composites undergo a modulus evolution of -40%, a breaking stress of -15% of the breaking stress and +60% of the deformation, whereas the degradation of the composite modulus of glass is less than 8% and of the order of 10% for the breaking stress. Scida et al. [START_REF] Scida | Influence of hygrothermal ageing on the damage mechanisms of flax-fibre reinforced epoxy composite[END_REF] described the influence of hygrothermal ageing on the mechanical properties of unidirectional flax fibre reinforced epoxy composites subjected to 90% RH at 20 and 40 °C. The water absorption follows a Fickien behaviour. After ageing for 2 months, it appears that the Young's modulus of the composites has decreased by -60% while the tensile strength has only undergone a reduction of -14% for both exposure temperatures. The decrease in these two properties could be explained by a reorientation of the flax micro-fibrils and the plasticizing effect of water on the matrix, both of which are stimulated by moisture absorption. The initial behaviour of the composites has an initial elastic linear part, followed by a softening and then a final linear part. For aged composites, after the initial linear part, the curves are described by two linear portions, as follows: a step of lowering the stiffness, followed by a moderate increase of the slope of the curve until rupture. This behaviour, in three linear phases, was observed for flax fibres alone by Baley [START_REF] Baley | Influence of drying on the mechanical behaviour of flax fibres and their unidirectional composites[END_REF] and with epoxy composites reinforced with unidirectional flax fibres by Cherif et al. [START_REF] Cherif | Flax/epoxy prepreg: effect of processing parameters on mechanical properties[END_REF]. The evolution of the behaviour of aged composites could be explained by a collective reorientation of the microfibrils of flax stimulated by the absorption of moisture (Scida [START_REF] Scida | Influence of hygrothermal ageing on the damage mechanisms of flax-fibre reinforced epoxy composite[END_REF]).

To improve the durability properties of the composites, the adhesion between the fibres and the matrix can be improved by chemical treatments. Improving the fibre-matrix bond limits the swelling of fibres that can no longer create surface bonds with the water molecules. Alkaline mercerization treatments (by KOH or NaOH) eliminate hydroxyl groups and dissolve hydrophilic hemicelluloses, limiting the water uptake of the composite (Dittenber [START_REF] Dittenber | Critical review of recent publications on use of natural composites in infrastructure[END_REF]). Applying surface coupling agents to the fibres improves the fibre-matrix adhesion by creating hydrogen and chemical bonds. Among these coupling agents, silanes, also used with glass fibres, and MAPP (maleic anhydride polypropylene) are very often mentioned (Arbelaiz [45]).

The durability of the interface between the flax fibres and an epoxy matrix has been the subject of a specific study by Le Duigou et al. [START_REF] Duigou | Interfacial properties of flax fibreepoxy resin systems: Existence of a complex interphase[END_REF]. Unit fibres of flax were introduced into a drop of matrix. The evolution of the interfacial shear stress (ISS) was characterized by the breaking stress of the assembly.

The interfacial shear stress decreases with the immersion time in water during the first 15 minutes and then stabilizes at a value of 40% of the initial ISS. The drying after short immersion times leads to the restoration of the initial properties, which confirms the plasticization mechanisms. For prolonged immersion times (> 14 h) the degradation of the interface is irreversible. In addition, initially the rupture occurs with the entrainment of matrix residues, validating a break in the matrix and not at the interface, which is only partially the case for the aged specimens. The loss of adhesion is explained by the hydrolysis of the amine and epoxide bonds with the hydroxyl groups on the surface of the flax fibres (LeDuigou [START_REF] Duigou | Interfacial properties of flax fibreepoxy resin systems: Existence of a complex interphase[END_REF]).

Another specificity of vegetable fibres is their low degradation temperature compared with synthetic fibres. Gassan and Blezki [START_REF] Gassan | Thermal degradation of flax and jute fibers[END_REF] observed degradation of the mechanical properties of jute and flax fibres at temperatures close to 170 °C. However, plant fibres are commonly used as reinforcing fibres of thermoplastics, leading to recyclable or even biodegradable materials when associated with adequate matrices. However, thermoplastic biopolymers require a transformation temperature of more than 150 °C, rarely less than 200 °C. Gourier et al. [START_REF] Gourier | Mechanical analysis of elementary flax fibre tensile properties after different thermal cycles[END_REF] examined the influence of thermal treatments on the tensile mechanical properties of flax fibres. Below 190 °C, the mechanical properties do not seem to be affected by a heat treatment of 8 min. At 250 °C, the modulus and the stress undergo a clear degradation. However, the thermogravimetric measurements do not show a change in the biochemical composition of the flax fibres, which indicates that the temperature modifies the internal structure and the interactions between the components. Since flax fibres as a composite material are increasingly used in the civil engineering area [START_REF] Page | Multi-physical properties of a structural concrete incorporating short flax fibers[END_REF][START_REF] Wroblewski | Durability of bond between concrete beams and FRP composites made of flax and glass fibers[END_REF][START_REF] Huang | Bohumil KasalReinforced concrete beams strengthened with externally bonded natural flax FRP plates[END_REF][START_REF] Di Luccio | Seismic retrofitting of RC walls externally strengthened by flax-FRP strips[END_REF][START_REF] Hallonet | Investigation of the bond behavior of flax FRP strengthened RC structures through double lap shear testing[END_REF], durability studies are needed to better understand the time dependent mechanical properties.

In this study, flax fibre reinforced polymers have been exposed to the external environment. In parallel, accelerated climatic ageing tests were conducted with different flax and glass fibres composites in a climatic chamber. Theoretically, accelerated ageing can reproduce a climatic degradation equivalent to 10-100 years of natural ageing.

Materials and method

Materials

The flax fabrics used in this study were cultivated and produced in France following the quality and traceability of ISO and NF XP T 25-501 norms specific to technical flax fibres. The flax fibres underwent the four usual stages of preparation, as follows: pulling, retting, scutching, and heckling into ribbons. The ribbons were not twisted to preserve the quality of the technical fibres. The quality of the final ribbon was standardized by mixing fibres from different production years and flax varieties. The unidirectional fabrics were held together by fine weft yarns that were neglected in all further considerations due to the poor fabric cohesion in their direction. The bidirectional fabrics were woven in 3/3 twill, which offered balanced properties in both 0/90° directions.

Two bi-component epoxy resins cured at ambient temperature and commonly used in concrete strengthening were selected. Their properties are displayed in Table 2. The epoxy bases and hardeners were mixed at the specified ratios of 33:17 for A and 7:3 for B.

Preparation of the wet layup composites

Composite plates were manufactured with each type of fabric, i.e., S350, S600, UD220 and G300, with an increasing number of layers from 1 to 5. The fabric used is a bidirectional fabric for S350, S600 and G300 with fabrics weight of 350, 600 and 300 g/m 2 , respectively, while UD 220 is a flax unidirectional fabric with a weight of 220 g/m 2 . With synthetic carbon or glass fibres, a single resin is usually used to impregnate the fibres and to bond them to the concrete substrate. However, the usual resins were to viscous to properly impregnate the flax fibres at the core. Therefore, the manufacturing was done in two steps; first, fabric pieces with a length of 26 cm in the main direction and a width of 11 cm were impregnated with the epoxy A matrix by hand, and then were layered in the same orientation on waxed wooden plates with a layer of epoxy B, which reproduced the layer enabling the composite to stick to a concrete surface. The composites were scraped with a trowel to eliminate the excessive resin and air bubbles as much as possible and were then left to cure under atmospheric conditions at 20°C for 7 days. 10

Density and fibre content measurements

The composite weight was measured with a Kern 573 balance by hydrostatic weighing in water, and the density was calculated according to Eq. 1, as follows:

= + - • ( - ) (Eq. 1)
The porosity volume fractions were determined by using Eq. 2 adapted from Scida et al. [START_REF] Scida | Influence of hygrothermal ageing on the damage mechanisms of flax-fibre reinforced epoxy composite[END_REF], as follows:

= 1 - + . ℎ • 1 - 1 (Eq. 2)
where ⍴ comp , ⍴ m and ⍴ f are the mass density of the composite, matrix and dry fibres, respectively; ⍴ s f is the areal density of the dry fabric; and n p is the number of layers. The density of the flax fibres was fixed at ⍴ f = 1540 kg.m -3 according to the literature [START_REF] Baley | Influence of drying on the mechanical behaviour of flax fibres and their unidirectional composites[END_REF]. Some composite specimens were further observed with X-ray tomography. The 3D reconstruction of the composite volume enabled the determination of the fibre distribution, as well as the calculation of the porosity content, as illustrated in Figure 1.

Tensile test on the composites

Tensile specimens with a dimension of 25 mm x 250 mm were cut out of the composite plates using a circular saw with a water cooling system and were left to dry for 1 week before testing. Tensile tests in the longitudinal direction were carried out following the standardized static tension test norm ISO 527-1 on a ZWICK /1475 universal tensile testing machine. The tensile specimens were straightened at a crosshead speed of 1 mm/min until rupture of the specimen. The tensile force was determined by a force sensor and longitudinal strain with 10-mm strain gauges (120 Ω) bonded to the surface of the composite specimens. For each type of fabric, composites were manufactured with different numbers of layers from 1 to 5, and at least 4 specimens were tested, as presented in Table 3.

The ultimate strain and tensile modulus were both calculated using the net fibre area as introduced by the American Concrete Institute [START_REF]Guide for the Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete Structures[END_REF] for reinforced composites.. The properties were calculated using the thickness of the fibres only, neglecting the resin thickness, as a means of limiting the effect of the significant composite thickness variation. The tensile stress per composite width was also calculated (ξ u ) in units of kN.cm -1 . For the flax FRP, the stress-strain curves present a higher slope at small deformations, as previously found by many research investigations on flax fibres [START_REF] Baley | Influence of drying on the mechanical behaviour of flax fibres and their unidirectional composites[END_REF][START_REF] Scida | Influence of hygrothermal ageing on the damage mechanisms of flax-fibre reinforced epoxy composite[END_REF][START_REF] Poilâne | Polymer reinforced by flax fibers as a viscoelastoplastic material[END_REF], which have been associated with the reorientation of flax micro-fibrils. Two modules were, therefore, calculated for the flax composites following the work of Bensadoun et al. [START_REF] Bensadoun | Residual properties and damage evolution of flax-epoxy composites subjected to fatigue loading[END_REF], i.e., a first E 1 between 0 and 0.1% strain and a second E 2 between 0.3 and 0.5% strain. The module for the glass composite was calculated following the ISO 527-1 norm between 0.05 and 0.25% strain.

Ageing methods

Accelerated ageing in a climatic chamber

To determine whether the properties of the flax fibre reinforced composites do not undergo degradation that renders them unsuitable for external reinforcement of concrete structures, accelerated ageing is necessary. Of course, natural ageing in an outdoor environment is certainly the most reliable test method, but it does not provide convincing results over a realistic test period. For this, accelerated ageing in a climatic chamber has been used, reproducing, as realistically as possible, the natural environment to which the composites would be subjected during their use. A correlation proposal is introduced to reproduce a real ageing of a 10-year period that corresponds to a number of ageing cycles depending on the weather exposure of the coating and its geographical location.

Table 6 summarizes the proposed correlation.

The cycles have a duration of 4 h and consist of 4 phases, which are defined as follows:

1) Exposure to water in artificial rain (30 min): The water used is deionized water at a pH of 7 ± 0.2 and a temperature of 20 °C ± 5 °C. The specimens are exposed to water de facto by a device generating fine drops falling on the specimens at an incidence of 30° to 45°. The test chamber is maintained at a temperature of 20 °C ± 5 °C with a relative humidity greater than 90% RH. The flow rate of the rain must be sufficient to keep the specimens wet.

2) Cold exposure (1 h): The specimens are subjected to a temperature of -20 °C ± 2 °C.

3) Exposure to heat and humidity (1 h): The test specimens are subjected to an ambient temperature of 55 °C ± 2 °C and a relative humidity of 95% ± 5%.

4) Exposure to dry heat and actinic radiation (1:20): The chamber is maintained at a temperature of 60 °C ± 2 °C and a relative humidity of 20% ± 5%. During this period, the specimens are irradiated by a xenon arc light source. The energy received by the specimens in the spectral band between 300 and 400 nm is equal to 65 W / m² ± 10 W / m². 5) A break of 10 minutes allows the specimen to return to the initial conditions.

Depending on the conditions of exposure to reproduce the cycles, an exposure of SO2 solutions of 0.7% and salt spray to 5% at a rate of one cycle per week can be added.

Natural climate Ageing

Natural ageing was performed in the outdoor environment in Lyon (France). 10 plates of composites flax UD220 g/m² (x3) of dimensions 11 cm x 28 cm were fastened on an inclined plane with an angle of 45°

facing South approximately 1 m from the ground.

Results and discussion

Microstructures and volumetric ratio of fibres

The illustrations in Figure 1 show tomography cross-sections of the flax UD220 (x3) and glass G300 (x3) composites. The glass fibres appear more distinctly from the matrix than the flax fibres due to their chemical nature. The two different epoxy resins are distinguished by the presence of mineral particles in resin B, which give the resin its viscosity and appear as white in the images. The limit between the two resins is not very clear, which confirms their good compatibility. The samples are quite heterogeneous with three layers of fabric easily identified and separated by resin rich layers. However, the flax bundles are well impregnated at the core. The pores have varying sizes, up to a few millimetres and are mainly located along the fibre bundles or in resin B. Although the glass and flax composites were manufactured in the exact same way, the flax composites present more resin rich regions and the fibre bundles appear swollen, which is not the case for the glass composites. The swelling of the flax fibres induces a higher uptake of resin and thicker composites as previously stated by Nguyen et al. [START_REF] Nguyen | Resin impregnation of flax fiber preform: effect of liquid sorption and fiber swell[END_REF] and Perremans et al. [START_REF] Perremans | Investigation of the tensile behavior of treated flax fibre bio-composites at ambient humidity[END_REF].

The volumetric ratio of fibres V f , as well as the porosity ratio V p , increases with the number of fabric layers in the composites from 15% to 30%, depending on the fabric (Figure 3b). This parallel evolution supports the hypothesis that the pores are mainly concentrated along and inside the fibres themselves, as evidenced by the tomography observations. The average porosity ratio of 5% for the flax composites is higher than that for the glass composites (3%). The pores are mainly concentrated along and inside of the fibre bundles, as evidenced by the tomography observations. The composites made with bidirectional fabrics have an overall higher fibre ratio than those made with unidirectional fabric due to the denser mesh in bidirectional fabrics.

Tensile properties of the composites

The tensile failure of the specimens occurs cohesively without a significant loosening of the fibres. Figure 2 shows the tensile behaviour of the different composites with the increasing number of fabric layers. The curves are slightly dispersed, which could be a sign for some heterogeneity in the material; thus, a single average curve is shown for each number of the specimen series. All of the stress-strain curves of the flax composites present a higher slope at small deformations until reaching a strain of ~0.15%, for both unidirectional and random mat flax, as previously observed by many researchers [4-7, 12, 17]. Scida et al.

[12] associated this phenomenon with the reorientation of the flax micro-fibrils [START_REF] Hollawaylc | A review of the present and future utilisation of FRP composites in the civilinfrastructure with reference to their important in-service properties[END_REF]. Poilâne et al. [START_REF]Externally bonded FRP reinforcement for RC structures[END_REF] described the flax/epoxy composite behaviour as visco-elastoplastic with a bi-linear tensile stress-strain curve [START_REF] Coroller | Effect of flax individualization on tensile failure of flax/epoxy unidirectional composite[END_REF]. Baley et al. [START_REF] Baley | Influence of drying on the mechanical behaviour of flax fibres and their unidirectional composites[END_REF] proposed a stress-strain model of their FFRP in tension with a nonlinear initial region, which then exhibited a linear asymptote after reaching a 1.4% strain. However, with those bicomponent epoxy resins, failure occurred at ~1.2% before meeting this asymptote.

The experimental values of the tensile properties are summarized in Table 4. The mechanical properties of the flax composites vary with a standard deviation of 15% on the stress and tensile stress and 20% on the modulus. For all composites, the tensile stress increases linearly with the number of fabric layers (Figure 3a), suggesting that the tensile stress is transmitted to all layers and that the material works cohesively. Although the constraints and modulus values calculated for the glass composites are higher than those for the flax composites, the tensile efforts are similar. Thus, the maximum effort that the flax and glass composites can take up are comparable. A different pattern is observed in the properties of the flax composite, which are obtained using the theoretical thickness of the dry fibres only. The values of stress and modulus increase with the number of plies. According to various publications, the composite mechanical properties are proportional to the percentage of fibre [START_REF] Summerscales | A review of bastfibres and their composites.Part 1-Fibres as reinforcements[END_REF][START_REF] Coroller | Effect of flax individualization on tensile failure of flax/epoxy unidirectional composite[END_REF]. The plots in Figure 4 show the evolution of the properties with the volumetric fibre ratio V f . For the stress and modulus E 2 , the trends are almost linear, suggesting a proportional relationship. For the initial modulus E 1 , however, this proportionality does not seem to be the case, which can be expected because the complexity of the restructuration phenomenon takes place within the flax fibres. The unidirectional flax composites present higher properties for similar fibre contents than the bidirectional composites, even by considering only the content of the fibre in the main direction. Bidirectional composites are nonetheless interesting to consider as reinforcement materials as the applied stress on structures might not always be strictly in the main direction of the fibres and they are easier to handle during onsite manufacturing.

The values of stress and modulus appear relatively constant with the number of fabric layers (Figure 5).

The variations between the values can be related to the standard deviation of the results. The flax composites present average properties with an initial modulus E 1 = 20 GPa, a second modulus E 2 = 12.5

GPa and an average stress at failure σ u,flax =160 MPa, with average deviations of 10%. The glass composites have higher properties, i.e., E = 30 MPa and σ u,glass = 400 MPa, with average deviations of 5%. The net calculation method actually allows for constant values of the flax composites' mechanical properties, which is a crucial element for structural reinforcement design calculations. The increased standard deviation should also be taken into account for design calculations.

Mechanical prediction model

According to the law of mixtures, the average properties of the composites can be calculated by knowing the properties of the individual constituents. The tensile modulus E can then be expressed as a function of the volumetric fibre ratio V f as shown in Eq. 3:

= • (1 --) + • (Eq. 3)
where E m , E f and E th are the tensile modulus of the matrix and fibres and the theoretical tensile modulus of the composite, respectively. The stress at failure σ u was calculated in two ways; first, by supposing that the failure of the matrix would induce the failure of the composite (Eq. 4) and second by supposing that all of the components worked cohesively following a simple mixture rule (Eq. 5).
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The properties of the matrix were calculated as the weighted average of the two resins and were found to be quite constant for all composites, with E m =2.1 GPa and σ m = 34 MPa. The estimated tensile modulus and strength from the law of mixtures are shown in Table 5. For the flax composites, the modulus values are compared to the experimental modulus E 2 . For composites reinforced with bidirectional fabrics, only half of the fibres in the longitudinal direction participate in the effort and the fibre ratios were adjusted in the calculations accordingly.

The estimated modulus E th shows good correlation with the experimental values, especially considering the average standard deviations (see Figure 6a). However, the estimated values of the strength at break σ comp lead to a wide overestimation of 30% to 70%, regardless of whether the failure of the matrix as a limiting factor is considered (see Fig. 6b). Coroller et al. [START_REF] Coroller | Effect of flax individualization on tensile failure of flax/epoxy unidirectional composite[END_REF] made similar observations and, therefore, proposed the introduction of an efficiency factor k, which appeared to depend mostly on the individualization state of the fibres. In the present study, the efficiency factors increase up to +100% from 1 to 4 fabric layers. This observation is most certainly because the composites with only 1 or 2 layers are more heterogeneous, with sparser fibres and more resin rich regions. Consequently, the structural flaws lead to the premature failure of the composites during tensile testing and, thus, diminish the efficiency factors. For 3 layers and more, the efficiency factor stabilizes.

For flax composites, the values of the efficiency factor k using Eq. 4 and the efficiency factor k' using Eq. 5 are comparable, the latter being 5-10% higher, which is equal to 0.62 for the composites manufactured from bidirectional fabrics and 0.7 for those with unidirectional fabrics. For the glass composites, the efficiency factor k is higher by 50% than factor k' by considering the failure of the matrix as a limiting factor. This difference could be explained by the mode of failure of the composites. Indeed, for the flax fibre composites, failure occurs cohesively, with the fibres breaking at the same time as the matrix. The assumptions of the matrix as a limiting element are met. For the glass fibres composites, however, the failure of the matrix may occur before the glass fibres. Accordingly, the law of mixtures, by considering the matrix as a limiting element, leads to a greater overestimation of the failure strength of the GFRP.

The efficiency factor k' not only conveys the effectiveness of the individualization of the fibres but also their working ratio at failure. According to this hypothesis, the difference between the factors k and k' suggests that the flax fibres work at 95% of their capacity, while the glass fibres only work at 67%.

Influence of ageing on the mechanical properties of composites

The mechanical properties of flax reinforced composites after exposure to the different ageing processes were characterized by tensile tests until the composites failed. The mechanical properties determined are, therefore, residual properties. The composite control panels, stored at room temperature (~ 20 °C) during the period of ageing, are tested in the same way. Since they have not undergone any change in properties compared to the initial plates beyond the order of magnitude of the standard deviation, the values are not included in the respective tables for the sake of clarity.

Table 7 summarizes the results of the tensile tests after exposure to the outdoor environment. A slight swelling of the composite over time results in an increase in thickness from 3.2 mm to 3.4 mm after 6 months. Figure 8 shows an average tensile curve after 0 months, 6 months and 12 months of exposure to the outdoor environment. The slope of the curves decreases sharply, reflecting a composite modulus loss of up to -25% over E 2 . The failure stress is also decreased by -12%. These observations confirm the expected results for a plasticization of the matrix. The tensile response of the specimens from different plates, slightly more or less rich in closure resin, do not show any significant differences.

Table 8 summarizes the results of the tensile tests after the ageing in the climatic chamber. The graphs in Figure 9 show the average stress-strain curves of the wet-laid flax and glass fibres reinforced composites after 0 -140 -250 cycles in the climatic chamber. Flax reinforced composites show a slight increase in the thickness, while the thickness of glass fibre reinforced composites does not show a measurable increase to the nearest tenth of a millimetre. This increase is, therefore, certainly due to the swelling of flax fibres following the humidity exposure in the enclosure.

The series of composite plates used for different ages were not all manufactured the same day. To appropriately compare the evolution of the properties after the different ageing procedures, normalized values have been calculated by dividing the mechanical properties by the initial value before ageing.

Figure 10 and Figure 11 illustrate the evolution of the normalized values of the ultimate strain, the tensile stress, the E 1 and E 2 modulus and the stress during the 12 months of ageing in an outdoor environment.

After a 12-month exposure to natural ageing, the losses suffered were -15% for tensile stress, -10% for stress, and -35% for the E 1 module and -25% for the E 2 module. It is important to emphasize that the losses calculated for the net and values of stress and modulus give identical results. The values of the deformation at failure do not vary enough to interpret a trend in their evolution. The modulus values already show a decrease after 3 months of exposure. The stress and tensile stress values remain relatively stable over the first 3 months, a notable decrease being visible only after 6 months of exposure.

Figure 12 and Figure 13 show the evolution of the normalized mechanical properties for each composite after 140 cycles and after 250 cycles of artificial ageing in the climatic chamber. Several elements emerge from these graphs. The stress and tensile stress values of the flax fibre reinforced composites do not decrease progressively during the artificial ageing cycles and follow similar evolutions for wet-laid and prefabricated FFRP. The difference between the tensile stress and strain stress for the contact laminate fibre composites could therefore be explained by the variation in the composite thickness. The glass-fibre contact laminates and prefabricated flax composites show a slight 2-10% increase in stress from the first 140 cycles. Between 140 and 250 cycles, the stress remains constant. On the other hand, the laminates in contact with laminate undergo a stress reduction of 5-10% after 140 cycles, and after 250 cycles they reach a stress value comparable to the initial value. For all laminate composites, the laminated (Figure 13) E 1 and E 2 vary in a similar way. After the first 140 cycles, the modulus values decrease from 10% to 30%.

After 250 cycles, the modulus values return to 85% or even 100% of the initial values. For glass fibre reinforced composites, the modulus remains stable after 140 and 250 cycles. The phenomenon of loss and recovery of properties is, therefore, probably related to the nature of flax fibres. The strain at failure of the composites presents inverse evolutions to the modulus (Figure 14). For flax fibre composites, the deformations increase after the first 140 cycles from 10% to 40% and decrease after 250 cycles to values comparable to the initial deformations. For glass composites, the deformations regularly increase with the number of cycles from + 20% after 140 cycles to + 35% after 250 cycles.

These observations do not correspond to those of Marouani et al. [START_REF] Marouani | Ageing of carbon/epoxy and carbon /vinylester composites used in the reinforcement and/or the repair of civil engineering structures[END_REF] in which the carbon / epoxy composites subjected to a hygrothermal ageing first presented a phenomenon of increased stress and modulus during a few weeks, followed by a progressive degradation of the properties. However, a similar phenomenon of post-crosslinking could be brought into play. As noted by Scida et al. [START_REF] Scida | Influence of hygrothermal ageing on the damage mechanisms of flax-fibre reinforced epoxy composite[END_REF] the modulus of the flax composites seems to be more impacted than the stress at break by the phenomenon of ageing. In addition, according to their tests, the decrease in the properties of the flax / epoxy composites after two months of hygrothermal ageing was not much greater at 40 °C than at 20 °C.

It is conceivable that the reorientation of the microfibrils and the hydrolysis of the soluble parts, such as the hemicelluloses within the fibres, lead to a relative stabilization of the properties of the flax fibres after an initial loss of the mechanical properties and the increase of the deformation at failure. In parallel, the polymer matrix may undergo a slow post-crosslinking during the high temperature phases (55-60 °C> Tg)

of the ageing cycle. The improvement of the properties of the matrix results in a slight increase in the modulus and stress of the glass composites after 250 cycles.

The flax fibre / matrix interfaces are also directly impacted by the hot / cold cycles of the ageing cycle by swelling the internal gel repeatedly and continuing the degradation, which results in a decrease in the breaking strain of the composites. Since glass fibres are much less sensitive to swelling, flax fibres do not show a reduction in the breaking strain.

Influence of natural ageing on the internal structure of composites

X-ray tomography observations were made to visualize the impact of natural ageing on the internal structure of the composite. Figure 15 presents two sections, i.e., longitudinal (b) and transverse (a), of a Flax Fiber Reinforced Polymer UD220-x3 sample after 12 months of natural ageing. At first sight, the composite does not exhibit any significant cracking, neither at the matrix nor at the interface between the fibres and the matrix. However, areas of cracking and greater porosity are visible within the bundles of flax fibres. In addition, the resin on the surface of the composite has an irregular porous toothed appearance. This external attack only affects the resin to a maximum thickness of 0.05 mm on the surface exposed to the sun and rain. The other side of the composite plate seems much less affected by this degradation. These observations correspond well to the whitish and porous external appearance of the composite surface and reflect the ageing due to UV and rain on the polymer resin.

The analysis of the images obtained by tomography indicates a porosity of the tested sample composite of approximately 2.5%. It, therefore, has an increase in porosity of approximately + 25% compared to the initial values. The increase in porosity appears to be mainly localized within bundles of flax fibres. This statement corroborates the hypothesis of the swelling of flax fibres following the wet weather of the past 12 months, which leads to the degradation of the fibre / matrix interface through the humidificationdrying cycles.

Figure 16 shows sections of different composites after 250 cycles of artificial ageing. The glass fibre composite does not exhibit significant cracking, either in the matrix or at the interface between the fibres and the matrix. A porosity of ~ 3% is measured, which is identical to that before ageing. For the contactlaminated Flax Fiber Reinforced Polymer UD220-x3 (T1) composite, crack zones leading to cavities are visible within the bundles of flax fibres. In addition, the surface areas where the fibres are flush and are, therefore more directly exposed to moisture show cracks. The resin itself does not seem to undergo visible surface changes unlike natural ageing. A porosity of ~ 2.25% is determined by analysis of the images, an increase of + 25%.

The flax fibre reinforced composites appear to be more impacted by ageing than the glass fibres composite. For contact composites, the resin undergoes no visible changes either on the surface or internally. Degradations appear to be limited to areas rich in flax fibre. The internal cracking of the bundles of flax fibres following the repeated swelling of the fibres and the areas of fibre / matrix decohesion confirm the observed deteriorations on the tensile mechanical properties.

Evolution of glass transitions of composites during climatic ageing

According to the hypotheses, the matrix could have undergone post-crosslinking during accelerated ageing in the enclosure between 140 and 250 cycles, which could explain the improvement in the mechanical properties. Post-crosslinking of the polymer matrix would result in an increase in the glass transition temperature. The glass transition temperatures of the composites were determined using KINETECH by dynamic analysis, with one to three test pieces for each composite tested. The average glass transition temperatures for the various composites are summarized in Table 9.

Figure 17 shows an average curve of the dynamic torsional response as a function of the temperature of the laminate in contact after 0, 6 and 12 months of outdoor ageing. The glass transition temperature gradually decreases with the time from 52 °C to 47 °C after 12 months of exposure. It is likely that the decrease in Tg is associated with progressive plasticization of the matrix. The Tg of the composites after 140 and 250 cycles are comparable. Several hypotheses are conceivable, as follows:

-Either the plasticization is comparable after 140 and after 250 cycles. The matrix does not undergo significant post crosslinking. The Tg of the composites after 140 and 250 cycles are thus comparable. The explanation of the increase in the mechanical properties of the composite is to be found elsewhere.

-Or the matrix undergoes a progressive plasticization by diffusion of the water, leading to a decrease in the Tg. According to Gentry [START_REF] Gentry | Accelerated Test Methods to Determine the Long-Term Behavior of Composite Highway Structures Subject to Environmental Loading[END_REF], the plasticization facilitates the phenomenon of post-crosslinking by increasing the probability of "meeting" of certain reactive sites, and, in parallel, the polymer matrix may undergo a slow post-crosslinking during the high temperature phases (55-60 °C> Tg) of the ageing cycle.

The Tg of the composites after 140 and 250 cycles are thus comparable, but the post-crosslinking of the matrix results in a slight increase in the modulus and the stress of the glass composites after 250 cycles.

During his thesis on the hygrothermal ageing of a silica epoxy resin composite, Bank et al. [START_REF] Bank | Accelerated test methods to determine the long-term behavior of FRP composite structures: environmental effects[END_REF] conducted dynamic mechanical analyses on samples conditioned at 80 °C and 80% RH for 5 days, then on other plates having undergone the same conditioning, then 24 hours in an oven at 80 °C under a vacuum to eliminate the absorbed water. During the first 5 days of conditioning, the transition peak associated with the glass transition temperature shifts to low temperatures. This effect is due to plasticization. After 24 hours under vacuum, the transition temperature is higher than the reference temperature. This evolution shows that during the first days of conditioning with post-curing resin under the effect of temperature and / or oxygen (results observed with thermo-gravimetric analyses). In our study, the specimens were stored under ambient conditions at ~ 20 °C and 50% RH for several weeks before being tested at KINETECH.

However, without drying steps, it is possible that the bound water is always present within the composite.

To verify the hypotheses, new composite test specimens could be realized and undergo a drying phase before being tested at KINETECH.

Conclusion

Composites plates were manufactured using the wet lay-up process with an increasing number of fabric layers from 1 to 5 with different unidirectional and bidirectional flax fabrics and a glass fabric. The flax composites presented a slightly higher porosity ratio of 5% compared to 3% for the glass composites, with pores mainly along the fibre bundles. The tensile stresses at failure of both composites were The resulting mechanical properties of the flax composites may lead to the possibility of using flax for the external reinforcement of concrete structures in a wet lay-up process.

The durability study as leed to the following results. As expected, the residual properties of the composites are lower after hygrothermal ageing than after climatic ageing. In contrast, the constraint decreases by 15% for flax composites and by 40% for glass composites. The modulus values decrease by 50% for flax composites and by 20% for glass composites. The observation of the internal structure by Xray tomography reveals a significant degradation of the linseed / matrix fibre interface which results in cracks that would probably be due to the swelling of the flax fibres in the water.

The purpose of this study on durability is to verify whether the degradation of mechanical properties in a typical service environment calls into question the use of flax as reinforcement fibres and to determine what the ultimate residual properties of the material could be when design is taken into account. For the moment, climate ageing tests do not allow us to respond clearly to this problem. With this in mind, the choice was made to place the composites in a particularly aggressive environment to determine the residual properties. 

TABLES AND FIGURES

  The test standard NF T30-049(April 1985) for the accelerated ageing of paints and varnishes for outdoor use has been selected. Indeed, the external environment to which these coatings are subjected is very similar to the environment undergone by the reinforcing composites. They are present on the surfaces of buildings, bridges or various structures in an outdoor environment in direct contact with the weather, solar irradiation and various pollutants. The test principle proposed by the standard consists of an increase in the rapid thermal variations experienced by the coating and not an increase in the aggressiveness of the environments themselves. The thermal conditions, from -20 °C to 60 °C are realistic for structures in outdoor environments in France. In addition, a study by Serres[START_REF] Serres | Selection of paints and coating used in civil engineering and for road safety[END_REF] confirms that the ageing tests of coatings used in civil engineering and for the safety of roads on metallic surfaces with the NF T30-049 standard show a good correlation with the tests carried out under real external conditions over 20 years by the French laboratory LCPC. The quality of the mechanical properties of coatings at the end of ageing is characterized by a careful observation of the external appearance and by peel adhesion tests.

  comparable and increased linearly with the number of fabric layers, showing the cohesive nature of the material. The tensile property remained constant with the number of fabric layers. For the flax composites, E 1 = 20 GPa, E 2 = 12.5 GPa, and σ u,flax = 160 MPa, and for the glass composites, E = 30 MPa and σ u,glass = 400 MPa, thus enabling design calculations.
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 1 Figure 1: Evolution of the glass transition temperatures of composites during accelerated climatic ageing and natural ageing.
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 18 Figure 18: Comparison of the tensile curves (net stresses) of the laminate in contact after climatic and hygrothermal ageing.

Table 1 .

 1 Characteristics of the fabrics used.

	Material Fabric	m s (g/m²)	Tex	Weaving	E (GPa)	σ u (MPa)	ε u (%)
	Flax	S350	350	1300	Twill 3/3			
	Flax	S600	600	2900	Twill 3/3	32	550	1.7
	Flax	UD220	220	1300	Unidirectional			
	Glass	G300	300	-	Bidirectional	70	1700	2.6

Table 2 .

 2 Characteristics of the resins used.

	Resin Epoxy A	⍴ (kg.dm-3) 1.06	E (GPa) 2.0	σ u (MPa) 35	ε u (%) 1.2
	Epoxy B	1.25	2.3	32.8	1.7

Table 3 .

 3 Main characteristics of the tested specimens.

	Fabric	Number of	Thickness (mm)	V	f	(%)	V	p	(%)
		Layers	Specimens						
		1	4	0.49	15		2	
	FFRP S350	2	4	0.98	16		5	
		3	4	1.47	18		7	
		1	4	0.63	16		4	
	FFRP S600	2 3	4 4	1.26 1.89	19 25		5 9	
		4	4	2.52	28		7	
		1	4	0.49	11		3	
		2	4	0.98	14		2.5
	FFRP UD220	3	4	1.49	15		2.5
		4	4	1.96	15		5	
		5	4	2.45	17		5	
		1	5	0.25	15		2	
	GFRP G300	2 3	5 5	0.50 0.75	24 30		2.5 3
		4	5	1	33		3.5

Table 4 .

 4 Main results obtained with the tested composite specimens.

				FFRPproperties			
	Fabric Layers	E 1net (GPa) E 2net (GPa) σ unet (MPa)	ξ u (kN/cm)	ε u (%)
	FFRP S350	1 2 3	21.9 ± 3.5 20.3 ± 2.0 21.4 ± 2.2	16.6 ± 0.8 12.7 ± 0.5 12.5 ± 0.8	172 ± 9 155 ± 10 170 ± 23	0.84 ± 0.09 1.46 ± 0.10 2.47 ± 0.35	1.0 ± 0.1 1.2 ± 0.1 1.3 ± 0.1
		1	21.4 ± 5.4	13.3 ± 2.1	133 ± 10	0.83 ± 0.10	1.0 ± 0.2
	FFRP	2	24.1 ± 9.6	14.5 ± 3.3	157 ± 20	1.98 ± 0.30	1.1 ± 0.5
	S600	3	19.4 ± 1.2	15.4 ± 1.3	175 ± 10	3.42 ± 0.20	1.2 ± 0.3
		4	19.0 ± 0.6	13.0 ± 1.0	156 ± 8	3.90 ± 0.20	1.2 ± 0.1
		1	18.8 ± 1.4	14.0 ± 1.5	190 ± 12	0.95 ± 0.10	1.4 ± 0.1
	FFRP UD220	2 3 4	20.0 ± 1.8 17.5 ± 1.9 16.9 ± 1.8	13.0 ± 1.3 12.1 ± 1.0 11.6 ± 1.2	171 ± 30 170 ± 33 150 ± 20	1.70 ± 0.30 2.52 ± 0.22 2.92 ± 0.44	1.3 ± 0.1 1.4 ± 0.2 1.3 ± 0.1
		5	19.5 ± 1.8	12.8 ± 1.3	150 ± 22	3.64 ± 0.50	1.2 ± 0.1
		1	27.7 ± 1.9	-	370 ± 27	0.93 ± 0.07	1.8 ± 0.1
	GFRP	2	30.4 ± 0.9	-	400 ± 50	2.50 ± 0.30	1.4 ± 0.1
	G300	3	27.2 ± 1.9	-	400 ± 17	3.17 ± 0.22	1.8 ± 0.2
		4	29.6 ± 0.6	-	520 ± 28	5.34 ± 0.29	2.2 ± 0.1

Table 5 .

 5 Prediction of tensile modulus and strength at failure from the law of mixture and calculated efficiency factors for the stress at failure.

	Composite Layers V f (%)	Modulus E 2,exp (GPa)	Modulus E th (GPa)	Stress σ u,exp (MPa)	Stress σ u,th (MPa)	Efficiency factor k	Stress σ' u,th (MPa)	Efficiency factor k'
	FFRP S350	1 2 3	8 16 18	3.2 ± 0.2 3.9 ± 0.1 4.2 ± 0.3	3.2 4.2 4.5	35 ± 3 46 ± 4 56 ± 7	51 68 72	0.21 0.46 0.65	53 71 75	0.20 0.44 0.62
		1	9	3.2 ± 0.4	3.3	31 ± 3	53	0.06	54	0.06
	FFRP	2	19	4.3 ± 1.0	4.6	48 ± 7	75	0.45	78	0.42
	S600	3	25	5.2 ± 0.5	5.4	62 ± 4	87	0.61	91	0.58
		4	28	5.6 ± 0.5	5.8	68 ± 3	95	0.63	99	0.60
		1	11	4.7 ± 0.5	5.3	65 ± 6	86	0.63	90	0.59
	FFRP UD220	2 3 4	14 15 15	6.1 ± 0.6 6.0 ± 0.4 6.1 ± 0.6	6.2 6.5 6.5	75 ± 22 83 ± 20 81 ± 15	101 106 105	0.64 0.71 0.69	105 111 110	0.61 0.67 0.65
		5	17	6.9 ± 0.6	7.1	90 ± 13	115	0.72	120	0.68
		1	21	9.0 ± 0.5	9.0	93 ± 7	145	0.56	142	0.37
	GFRP	2	22	10.0 ± 0.6	10.3	115 ± 28	166	0.64	162	0.43
	G300	3	29	11.9 ± 0.8	11.6	170 ± 13	187	0.89	183	0.60
		4	33	12.1 ± 0.2	12.9	200 ± 10	209	0.95	203	0.64

Table 6 :

 6 Number of cycles required to reproduce a 10-year natural ageing(Serres 1980).

	Environmental exposure

Table 7 :

 7 Mechanical properties of composites subjected to natural ageing.

	Duration	Nbs pc.	Tensile force (kN/cm)	Strength (MPa)	Modulus E1(GPa)	Modulus E2 (GPa)	Strain at failure (%)
	0 months	8	2.90± 0.33	181± 32	22.1± 1.21	15.4 ±1.43	1.40±0.10
	3 months	4	2.95± 0.24	195± 16	19.5± 1.75	12.8±0.66	1.50±0.02
	6 months	8	2.71± 0.17	184± 11	19.9± 0.88	13.8 ±0.35	1.34±0.09
	9 months	4	2.60± 0.29	177± 20	16.9± 1.52	12.5±1.00	1.49±0.04
	12 months	8	2.45± 0.08	167± 5	15.4±0.29	11.4 ±0.88	1.41±0.04

Table 8 :

 8 Mechanical properties of composites subjected to artificial ageing in a climatic chamber with and without a gel coating.

	Composite	Nb cycles	Nbs pc.	Tensile force (kN/cm)	Strength (MPa)	Modulus E 1 (GPa)	Modulus E 2 (GPa)	Strain (%)
	Flax UD220-x3 (T1)	0 140 250	8 4 4	2.90 ± 0.23 2.53± 0.12 2.63± 0.19	181 ± 16 172 ± 8 179 ± 13	22.1 ± 0.6 14.6 ± 0.5 21.9 ± 0.7	15.4 ± 1.4 10.8 ± 0.4 14.0 ± 1.3	1.33 ± 0.06 1.50 ± 0.03 1.28 ± 0.05
	Flax UD220-	0	4	2.46± 0.19	167 ± 13	19.6 ± 0.4	15.1 ± 2.5	1.13 ± 0.08
	x3 (T1) with gel coating	140 250	4 4	2.17± 0.18 2.58± 0.01	172 ± 10 175 ± 2	14.6 ± 1.4 18.4 ± 1.1	11.0 ± 2.0 12.6 ± 0.6	1.27 ± 0.10 1.43 ± 0.19
	Flax UD220-x3 (T2)	0 140 250	4 4 4	2.82 ± 0.14 2.51± 0.14 2.78 ± 0.20	192 ± 32 172 ± 10 189 ± 14	22.9 ± 0.4 17.7 ± 1.5 21.6 ± 1.0	15.4 ± 0.6 12.8 ± 2.0 14.5 ± 1.7	1.19 ± 0.23 1.42 ± 0.20 1.32 ± 0.09
	Flax UD220-	0	4	2.63 ± 0.32	160 ± 21	21.5 ± 2.2	15.7 ± 2.0	1.19 ± 0.20
	x3 (T2) with gel coating	140 250	4 4	2.64 ± 0.12 2.65± 0.23	179 ± 8 180 ± 16	18.8 ± 1.1 20.5 ± 0.6	13.8 ± 2.2 14.8 ± 1.2	1.38 ± 0.14 1.15 ± 0.13
	Glass 2D 300-x3	0 140 250	6 6 6	3.05 ± 0.03 3.14 ± 0.10 3.14 ± 0.09	450 ± 10 501 ± 17 500 ± 14	29.3 ± 1.3 29.3 ± 1.1 30.2 ± 0.4	---	1.57 ± 0.04 1.90 ± 0.15 2.14 ± 0.16

Table 9 :

 9 Values of the glass transition temperature Tg measured for the various composites having undergone climatic ageing.

	Ageing	Flax composite UD220-x3 (T1)	Glass composite 300-x3
	Before ageing	52°C ±2°C	50°C ±3°C
	6 months -outside	48°C ±3°C	-
	12 months -outside	47°C ±2°C	-
	140 cycles	47°C ±3°C	52 °C ±1°C
	250 cycles	45°C ±1°C	44°C ±2°C
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