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Based on experimental investigations on the influence of water content on timedependent behaviour of flax reinforced epoxy composites, this paper proposes to model the viscoelastic-viscoplastic behaviour with hygromechanical coupling.

From a rheological point of view, the proposed model is a combination of a linear spring (elasticity), a Kelvin-Voigt model (viscoelasticity) and a viscoplastic model described by kinematic hardening in which the evolution of the internal variable is collinear with the plastic deformation. The hygromechanical coupling is obtained via the dependence on water content of all the model parameters according to a power law. The developed model shows a good correlation between experimental data (tensile, creep and relaxation) and numerical predictions of the mechanical behaviour for low water contents (below 4.90 %). However, the model shows its limits for high water contents (w c ≥ 4.90 %) and high loadings.

Indeed, tensile tests have revealed the emergence of a stiffening phenomenon for high loadings according to water content. This phenomenon was not taken into account in the proposed model which could explain its limitations. This assumption is confirmed by comparing the evolution of experimental yield stress with the model prediction.

Introduction

Contrary to synthetic fibre reinforced composites (glass, carbon, etc.), composites reinforced with plant fibres exhibit a highly non-linear behaviour. Indeed, the monotonic tensile curves are characterized by the presence of an apparent yield point. This phenomenon has been observed on plant fibre reinforced composites in general ( [START_REF] Lebrun | Tensile and impregnation behavior of unidirectional hemp / paper / epoxy and flax / paper / epoxy composites[END_REF][START_REF] Rubio-López | Constitutive model to predict the viscoplastic behaviour of natural fibres based composites[END_REF]) and on flax fibre reinforced composites in particular ( [START_REF] Oksman | High Quality Flax Fibre Composites Manufactured by the Resin Transfer Moulding Process[END_REF][START_REF] Hughes | Deformation and fracture behaviour of flax fibre reinforced thermosetting polymer matrix 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 fibres as a viscoelastoplastic material[END_REF][START_REF] Yan | Flax fibre and its composites -A review[END_REF]), regardless the reinforcement architecture (unidirectional reinforcement ( [START_REF] Oksman | High Quality Flax Fibre Composites Manufactured by the Resin Transfer Moulding Process[END_REF][START_REF] Lebrun | Tensile and impregnation behavior of unidirectional hemp / paper / epoxy and flax / paper / epoxy composites[END_REF]), random mat reinforcements ( [START_REF] Oksman | High Quality Flax Fibre Composites Manufactured by the Resin Transfer Moulding Process[END_REF][START_REF] Cherif | Optimisation d'un préimprégné lin / époxy industriel Influence de l'orientation des fibres[END_REF])). In some favorable experimental conditions, an inflection point is observed in the tensile curve leading to an apparent rigidification of plant fibre reinforced composites (PFRC), even under infinitesimal strains. All experimental investigations show that PFRC behaviour needs to be considered as viscoelastic and viscoplastic.

In addition, the mechanical behaviour is greatly affected by the external conditions (UV, humidity, temperature...). In literature, some studies on the influence of water ageing on the mechanical properties of PFRC can be found.

These studies generally point out that PFRC show a decrease in Young's modulus and in the ultimate tensile strength, and an increase in elongation at break when placed in humid atmosphere or immersed in water for instance. These results have been observed on hemp ( [START_REF] Dhakal | Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites[END_REF][START_REF] Christian | Moisture diffusion and its impact on uniaxial tensile response of biobased composites[END_REF]), flax ([11, 12, 13, 14]), kenaf ( [START_REF] Kumar | A comparative analysis on tensile strength of dry and moisture absorbed hybrid kenaf/glass polymer composites[END_REF]) or cellulosebased reinforcements ( [START_REF] Alhuthali | Mechanical properties of cellulose fibre reinforced vinyl-ester composites in wet conditions[END_REF]). Contrary to all the expectations following the work of Mannan and Robbany [START_REF] Mannan | Rotation of a natural cellulosic fibre about its fibre axis due to absorption of moisture[END_REF], a study conducted by Placet et al. [START_REF] Placet | Influence of environmental relative humidity on the tensile and rotational behaviour of hemp fibres[END_REF] shows an increase of hemp fibre apparent modulus with the increase of relative humidity up to a critical point. The authors assume that this change could be due to the modification of physical properties of hemp fibre. More recently, Abida et al. [START_REF] Abida | Effect of hygroscopy on non-impregnated quasi-unidirectional flax reinforcement behaviour[END_REF] show that the evolution of mechanical properties (rigidity, elongation) of flax reinforcement according to water content is non-linear. The study of hygromechanical coupling in PFRC global behaviour is therefore a major is-sue.

The different proposed models of PFRC behaviour can be classified into several groups. The first is interested in phenomenological modelling of viscoelastic or even viscoelastoplastic behaviour ([20, 21, 6, 22, 23, 2, 24]). Marklund et al. [START_REF] Marklund | Nonlinear viscoelastic viscoplastic material model including stiffness degradation for hemp/lignin composites[END_REF] develop a viscoelastic viscoplastic model of hemp / lignin composites with consideration of damage. Schapery's theory [START_REF] Schapery | Nonlinear viscoelastic and viscoplastic constitutive equations based on thermodynamics[END_REF] coupled with the Boltzmann's superposition principle is used by Kontou et al. [START_REF] Kontou | Modeling of nonlinear viscoelasticity-viscoplasticity of bio-based polymer composites[END_REF] to model the non-linear viscoelasticity and non-linear viscoplasticity of composites. Poilane et al. [START_REF] Poilâne | Polymer reinforced by flax fibres as a viscoelastoplastic material[END_REF] and Richard et al. [START_REF] Richard | A viscoelastoplastic stiffening model for plant fibre unidirectional reinforced composite behaviour under monotonic and cyclic tensile loading[END_REF] propose a phenomenological viscoelastoplastic model to study the non-linear effects of viscoelastic and viscoplastic phenomena of plant fibre composites. More recently, Pupure et al. [START_REF] Pupure | Methodology for macro-modeling of biobased composites with inelastic constituents[END_REF] proposed a macro-scale viscoelastic-viscoplastic model for regenerated cellulose fiber (RCF) composites.

The viscoelasticity is described by Schapery's models [START_REF] Schapery | Nonlinear viscoelastic and viscoplastic constitutive equations based on thermodynamics[END_REF] and the viscoplasticity is decribed by Zapas' model [START_REF] Zapas | Creep and recovery behaviour of ultra-high molecular weight polyethylene in the region of small uniaxial deformations[END_REF]. These models are often limited to uniaxial loading. Abida et al. [START_REF] Abida | Anisotropic elasticviscoplastic modelling of a quasi-unidirectional flax fibre-reinforced epoxy subjected to low-velocity impact[END_REF] propose an anisotropic viscoelastic-viscoplastic model.

The orthotropic viscoplasticity is described by the Hill criterion and a modified

Johnson-Cook type hardening. The second group is interested in hygromechanical coupling. This work is often limited to the elastic domain and is limited to the determination of the coefficient of hygro-expansion and its influence on the residual stresses ( [START_REF] Le Duigou | Hygroscopic expansion: A key point to describe natural fibre/polymer matrix interface bond strength[END_REF][START_REF] Bosco | Scale effects in the hygro-thermomechanical response of fibrous networks[END_REF][START_REF] Chilali | Analysis of the hydro-mechanical behaviour of flax fibre-reinforced composites: assessment of hygroscopic expansion and its impact on internal stress[END_REF]). Le Duigou et al. [START_REF] Le Duigou | Hygroscopic expansion: A key point to describe natural fibre/polymer matrix interface bond strength[END_REF] evaluate the residual stresses using thermal and the hygroscopic swelling coefficient in an elastic model. This study highlights the importance of the interfacial stresses resulting from the differential fibre and matrix swellings. Chilali et al. [START_REF] Chilali | Analysis of the hydro-mechanical behaviour of flax fibre-reinforced composites: assessment of hygroscopic expansion and its impact on internal stress[END_REF] have also demonstrated by a finite element method the high concentration of stress at the fibre / matrix interface generated by the differential swellings. However, few studies present a hygromechanical coupling models considering the composites as viscoelastic-viscoplastic materials.

This paper is devoted to present a first approach to model viscoelasticviscoplastic behaviour with hygromechanical coupling. The paper firstly proceeds with a description of the materials and the method used to obtain composite samples with different water contents (section 2). Then, an overview of the mechanical behaviour of flax reinforced epoxy composite is proposed in section 3. The paper focus on the influence of water content on the time-dependent behaviour of flax reinforced epoxy composites. The hypotheses, the constitutive equations and the identification strategy of the model will then be presented and described in section 4. The performance of the model is discussed in last section (section 5).

Materials and experimental procedures

Materials and specimen manufacturing

The reinforcement is a quasi-unidirectional flax yarn fabric manufactured by LINEO NV Company commercially known as FUD180. The basic weight of the fabric is 180 g/m 2 . This woven fabric contains yarns in the weft direction in order to facilitate its handling. Its balancing coefficient is 0.93. This coefficient corresponds to the ratio of the volume of warp yarns and the total volume of yarns (warp and weft). A ratio of 1 weft yarn for 15 warp yarns is found.

The matrix is an epoxy system consisting of a combination of a resin (LY 1546) and a hardener (Aradur 3787) supplied by HUNTSMAN Corporation.

Flax / epoxy composite laminates are manufactured by contact moulding in closed mould using the same warp yarns orientation for each ply. In order to manufacture unidirectional composite laminates, the flax reinforcements are firstly dried for one hour at 110 • C in order to eliminate water molecules. Each reinforcement ply is then manually impregnated and stacked. The laminate is then kept under compression at ambient temperature for two hours before curing at 100 • C for two hours. The tensile specimens, 200 mm × 20 mm × 2 mm, are cut using a laser machine Trotec speedy 400. Sample-cutting parameters (speed and power) have been adjusted and optimised to avoid edges' burning. A glass transition temperature T g of 110 ± 2 • C for composite samples was measured in twisting/relaxation loading mode using Kinetech R (DMA-like mode).

Conditioning and monitoring protocol

The conditioning protocol was previously used and described in Abida et al. [START_REF] Abida | Effect of hygroscopy on non-impregnated quasi-unidirectional flax reinforcement behaviour[END_REF]. The main steps are reminded in the following. All composite specimens are dried at 103 • C for 24 h to ensure total removal of water (no significant mass change is found after 24 h of drying). Epoxy is assumed insensitive to water ( [START_REF] Scida | Influence of hygrothermal ageing on the damage mechanisms of flax-fibre reinforced epoxy composite[END_REF]) and all water molecules are supposed to be evaporated during drying. Once dried, they are weighed and conditioned in an climatic chamber at constant relative humidity using saturated saline solutions until stabilization of the water uptake. Specimens mass monitoring is performed periodically in order to determine their absorbed water content over time. Flax / epoxy composite specimens weigh around 10 g, and they are weighed on a 10 -4 g precision scale (Mettler Toledo). Therefore, the moisture regain is considered as water content (w c ) in flax / epoxy composite and evaluated using equation (eq. 1).

w c (%) = m (t) -m dried m dried × 100 (1) 
where m (t) is the mass over time and m dried the mass measured after drying.

The table (tab. 1) provides the conditioning atmosphere and the corresponding water content of composite laminates at saturation when m (t) reached the saturated mass m satured .

Experimental tests

The time-dependent behaviour in principal direction (warp yarns direction) of flax / epoxy composite are investigated by performing tensile, creep and relaxation tests using an Instron hydraulic machine equipped with a 100 kN cell load. An extensometer with a gauge length of 50 mm is used to measure the longitudinal strain. The tensile and relaxation tests were strain controlled and the creep tests were load controlled. The tensile behaviour were obtained at conventional strain rate of 10 -4 s -1 . The creep tests consists in loading to a chosen stress, then holding at constant stress for 15 min (creep), unloading .40 ± 0.10 * supposed to be 0 % to zero stress followed by a strain recovery for a time of 15 min. The total time of tests should be less than 30 min to ensure that water content remains constant over test time. Moreover a recovery time of 3 hours after a creep of 15 min was tested. Results showed a less than 1 % difference between both viscoplastic strains and thus allowed to limit the recovery time to 15 min.Two stress levels are tested for each water content. The first stress level is set at 75 % of the apparent ultimate stress. The apparent ultimate stress were obtained by previous monotonic tensile tests. The second level is lower than the apparent initial yield stress. The stress rate has been set at 6 M P a • s -1 in order to limit the loading and unloading times. In relaxation tests, the specimen is loaded to certain strain level and then the total strain is kept constant for 15 min allowing for stress relaxation. Then, the specimen is unloaded to a lower strain (partial unloading) and the total strain is kept constant for 15 min. After unloading, the sample is still in tension to avoid buckling. Both of strain levels were chosen in accordance with the tensile behaviour. In all figures dealing with relaxation tests l refers to the initial strain level and u refers to the strain after partial unloading. The loading and the unloading rates were set to 10 -2 s -1 . In creep and relaxation tests, the holding times were chosen in accordance with diffusion kinetics to limit the variation of water content during tests. The entire 

Experimental investigations

PFRCs often present non-linear mechanical behaviour. This non-linearity is observed for the studied flax / epoxy composite whatever the water content. It is worth to note that water content has a strong influence on the mechanical behaviour of flax / epoxy composite (figure 1).

At low water contents (below 4.90 %), the typical tensile curves of PFRC are observed. Indeed, this phenomenon could be explained by structural changes within the fibre ( [START_REF] Placet | Nonlinear tensile behaviour of elementary hemp fibres. Part I: Investigation of the possible origins using repeated progressive loading with in situ microscopic observations[END_REF] among others) such as the reorientation of cellulose microfibrils in wall irregularities (kink band areas), the spiral spring-like extension of cellulose microfibrils, and the shear-stress-induced crystallization of the amorphous cellulose of the flax fibres. The Young modulus for dried flax/epoxy composite specimens is around 30 GPa and it sharply drops of 60 %, that is to say 12 GPa when composite water content increases to 14.40 %.

The time-dependent behaviour of flax / epoxy composites with respect to water content is investigated (fig. 2). The creep tests are conducted at two stress levels: one below the apparent yield point (fig. 2a) and the other at 75 % of the ultimate stress (fig. 2b). As pointed out in the figure (fig. 2a), the delayed strain (or creep strain) after a creep stress below the apparent yield point is totally recovered after 15 min of load removal. The behaviour of flax / epoxy composites could then be considered as viscoelastic. Nevertheless, creep tests conducted at a stress level close to ultimate stress reveal that the delayed strain is partially recovered after load removal ; an irreversible strain is clearly noticeable in figure (fig. 2b). In this case, the behaviour is considered to be viscoplastic. These tendencies are observed whatever the water content. The experimental investigations point out that flax / epoxy composite behaviour should be considered as viscoelastic-viscoplastic. As water content strongly affects the behaviour of studied composites, a viscoelastic-viscoplastic model with hygromechanical coupling is proposed in next section.

Constitutive modelling and identification scheme

Constitutive modelling

As mentioned in the previous section, a viscoelastic-viscoplastic model with hygromechanical coupling is developed to predict the mechanical behaviour of quasi-unidirectional flax / epoxy composites. The total strain is partitioned in an elastic contribution ε e (reversible and instantaneous), a viscoelastic part ε ve (reversible strain and non-instantaneous) and viscoplastic contribution ε vp (irreversible and non-instantaneous) according to the equation (eq. 2). The viscoelastic and viscoplastic contributions are referred to as inelastic contributions in the following.

ε = ε e + ε ve + ε vp (2) 
In the context of thermodynamics with internal variables ( [START_REF] Lemaitre | Mechanics of solid materials[END_REF]), the standardised framework ( [START_REF] Halphen | Sur les matériaux standard généralisés[END_REF]) assumes that the mechanical behaviour is defined by two potentials. A free energy density ψ is required to define state laws, expressed classically by equations (eq. 3 and 4), and by a dissipation potential Ω to determine the evolution of internal variables and therefore the flow direction (eq. 5 and 6).

σ = ρ • ∂ψ ∂ε e (3) 
X i = ρ • ∂ψ ∂α i (4) 
ε ve + ε vp = ∂Ω ∂σ (5) αi = - ∂Ω ∂X i ( 6 
)
where σ is the Cauchy stress, ρ is the mass density, α i are the selected internal variables and X i the associated variables.

According to this approach, it is assumed that in a homogeneous continuous medium equivalent to the real material, the microscopic physical phenomena are represented by means of macroscopic internal variables. The model performance depends on the choice of potentials. In the chosen formalism, the selected dissipation phenomena are the plasticity and the associated viscosity and the viscoelasticity. Therefore, two viscosity coefficients drive these phenomena: η in the elastic domain and K in the plastic domain. Based on experimental results, it is assumed that elastic and inelastic behaviours are uncoupled and that all parameters are depending on water content. In accordance with the isothermal loading assumption, the thermal dissipation is not taken into account in the modelling. Hence, the two potentials can be proposed as in the following equations (eq. 7 and 8). These two potentials automatically satisfy the second principle of thermodynamics due to certain properties: non-negativity, convexity, and zero at the origin ( [START_REF] Lemaitre | Mechanics of solid materials[END_REF]).

ψ (ε e , α i , w c ) = 1 2ρ • E (w c ) • ε 2 e + 1 2ρ • 2 i=1 C i (w c ) α 2 i (7) Ω (σ, X i , w c ) = Ω ve + Ω vp = 1 2η (w c ) (σ -X 1 ) 2 + 1 2K (w c ) f 2 (8) f = |σ -X 2 | -σ y (w c ) (9 
As mentioned in section 2, the experimental tests are conducted when flax / epoxy composite specimens reach mass equilibrium. Diffusion kinetics showed that the moisture uptake of dried samples stored for 2 hours at laboratory atmosphere condition is less than 5•10 -2 % and no difference in tensile behaviour between these two groups of samples was found. Hence moisture content is considered constant during tests. Under these assumptions, the state laws are written as in equations (eq. 10 and 11) and the evolution equations are written in equations (eq. 12 to 14).

σ = E (w c ) • ε e (10) 
X i = C i (w c ) α i (11) 
ε ve + ε vp = 1 η (w c ) (σ -X 1 ) + f K (w c ) sign (σ -X 2 ) (12) α1 = 1 η (w c ) (σ -X 1 ) (13) α2 = f K (w c ) sign (σ -X 2 ) ( 14 
)
The proposed model describes the elastic contribution with a linear spring E (w c ). For the viscoelastic contribution, a classical Kelvin-Voigt model constituted of a linear viscous damper η (w c ) and a linear spring C 1 (w c ) -with internal stress X 1 -connected in parallel is chosen. As for the viscoplastic contribution, a viscous damper K (w c ) and a linear spring C 2 (w c ) -with internal stress X 2 -are required. A kinematic hardening in which the evolution of the kinematic variable X 2 is collinear with the evolution of the plastic strain is used.

The proposed model is a 6-parameter model (E (w c ), η (w c ), C 1 (w c ), K (w c ), C 2 (w c ) and σ y (w c )). All these parameters are assumed to be a function of water content. Abida et al. [START_REF] Abida | Effect of hygroscopy on non-impregnated quasi-unidirectional flax reinforcement behaviour[END_REF] showed that the evolutions of properties of flax fabric reinforcement are non-linear in regard to water content. That's why, in the first approach proposed in this study, all the parameters are assumed to be function of water content as in equation (eq. 15). This hypothesis does not limit the proposed strategy.

h (w c ) = ξ • (w c + δ) n (15) 
The model constitutive equations (from eq. 7 to 14) are solved using an algorithm based on Runge-Kutta method implemented into MATLAB R ( [START_REF] Shampine | The MATLAB ODE Suite[END_REF]).

The table (tab. 2) summarizes the model parameters and the coefficients that need to be identified in order to describe the material behaviour. The constitutive material parameters are identified using an inverse method presented in the next section. 

E (w c ) [MPa] Young Modulus ξ 1 , δ 1 , n 1 η (w c )[MPa • s] Viscosity coefficient in viscoelastic domain ξ 2 , δ 2 , n 2 C 1 (w c )[MPa] Viscoelastic stiffness ξ 3 , δ 3 , n 3 K (w c ) [MPa • s] Viscosity coefficient in viscoplastic domain ξ 4 , δ 4 , n 4 C 2 (w c ) [MPa] Kinematic hardening coefficient ξ 5 , δ 5 , n 5 σ y (w c ) [MPa]
Initial yield stress ξ 6 , δ 6 , n 6

Inverse method

The constitutive model parameters are identified via the experimental measurements using an inverse method approach. This approach consists in an optimisation problem where the objective is to minimise the gap between the experimental results and the model predictions. The database is composed of 2 creep tests and 1 relaxation test for each water content (18 tests in total). These tests are chosen to allow a more accurate identification of the parameters. The remaining relaxation tests are used to verify the validity of the modelling. This approach requires a cost function. This latter is defined using a least squares method and it is calculated from the experimental data and the model prediction according to the equation (eq. [START_REF] Alhuthali | Mechanical properties of cellulose fibre reinforced vinyl-ester composites in wet conditions[END_REF].

g (Θ) = Nm k=1 N k i=1 (Γ c (Θ, t i ) -Γ m (t i )) 2 (Γ k max ) 2 • N k (16) 
where:

• Θ a vector that contains the unknown parameters to be identified. This vector collects all the coefficients ξ i , δ i et n i required to give the relation between the model parameters and water content (see table 2);

• N m the number of tests in database used;

• N k the number of records of the test number k;

• Γ is the mechanical value into consideration for the test k. The subscripts The identification is carried out using algorithms available on MATLAB R and based on so-called simplex algorithms. These methods require an initial set of parameters. In order to obtain a relevant one, the optimization problem is decomposed into two stages. An auxiliary problem is firstly considered. Hence, optimised material parameters for dried samples are firstly identified. This set of parameters is used, in a second step, as initial parameters to obtain the material parameters for the entire database (all water contents). In order to ensure the stability and convergence of algorithms, several attempts are carried out using different starting points. The evolution of Young modulus in function of water content is directly extracted from experimental measurement to facilitate the convergence of the algorithm, which means that the coefficients ξ 1 , δ 1 and n 1

do not need to be identified.

Results and discussion

The intermediate identification stage consists in an inverse problem to identify the model coefficients (tab. 2) using only experiments conducted on dried UD flax / epoxy laminates (w c = 0 %). In this case, the model is reduced to a 6-parameter model where the coefficients (ξ 1 , δ 1 , n 1 ) are directly linked to the material parameters (Young's modulus for instance). The correlation between experimental data and simulation is good. The creep and relaxation behaviour of UD flax / epoxy laminates is correctly predicted by the proposed model (fig. 3a and 3b for creep and relaxation tests respectively). The stability of algorithm convergence is checked by several attempts which consist of using several starting points and perturbations in all parameters. No significant difference in the set of optimised parameters is found. Thus, the set of parameters obtained by the optimisation procedure on dried UD flax / epoxy laminates is relevant as a starting set and can be used for the inverse analyses on entire experimental data taking into account all the water contents. 4), the strain evolution during creep and recovery stages as well as the permanent strain after recovery at zero stress are satisfactorily predicted by the model for both stress levels for water contents below 4.90 %. The stress relaxation and antirelaxation phenomena (evolution of stress during unload) for these water contents are also well described by the proposed model (fig. 5). However, for or strain (typically below apparent yield point). For high loading levels, the evolution of the predicted stress and strain deviates from the measured ones as shown in figures (fig. 4 and5).

The model parameters are validated by comparing model predictions with the relaxation tests that were not used for the identification procedure. The validation is carried out using one test by water content. The results are plotted in the figure (fig. 6). The same tendencies observed for identification tests are perceived for validation ones. Indeed, a good agreement is observed for low and medium water contents w c < 4.90 % whatever the loading. However, a discrepancy is noted between the predicted and the measured stresses for high water contents.

This difference could be explained by the behaviour of these composites at high water contents. Indeed, the tensile curves (fig. 1) show an apparent rigidity increase from a certain level of deformation for high water contents (w c ≥ 4.90 %).

In order to confirm this assumption, simulation of monotonic tensile tests are compared to experimental ones (fig. 7). As clearly visible, the tensile behaviour until failure at water content below 4.90 % is correctly predicted by the present model. For higher water contents, the apparent yield point is still adequately predicted and the tensile behaviour until the apparent rigidification point is still correctly described. However, the model predictions diverges from experimental data once rigidification phenomenon starts to appear (fig. 7). The figures (fig. 4 to fig. 7) confirm that the proposed model is able to describe the time-dependent behaviour and the hygromechanical coupling in flax / epoxy composites. The physical description of the model needs to be enhanced to include the rigidification mechanims.

The initial yield stresses as a function of water content is extracted from experimental results and compared to the identified ones (figure 8). The experimental evolution of yield stress confirms the use of a power law to modelize the evolution of parameters in regards to water content. Nevertheless, for high water contents the yield stress is overestimated by the model and the onset of plasticity is delayed leading to an underestimation of the permanent strains in creep tests as already mentionned and shown in figure 4.

Besides, in this model, the viscoelastic and the viscoplastic phenomena are described by a unique characteristic time (∝ η and ∝ K respectively). Hence, this apparent rigidity increase cannot be described by this model and the elastic contribution is underestimated which explains the tendencies observed in figures (fig. 4 and5).

The evolutions of the viscoelastic and viscoplastic properties are plotted on figure (fig. 9). Viscosity in the viscoelastic (η) and viscoplastic (K) domains decreases with the water content (fig. 9a). It is also noted that the value of the parameter K is lower than the value of parameter η (K < 10 -2 η) regardless the water content. This indicates that viscoplastic phenomena are about 100 times faster than viscoelastic ones. The decrease of both parameters points out that the viscoplastic and the viscoelastic phenomena are faster when water content increases. In addition, rigidity in the viscoelastic domain (C 1 ) and in the viscoplastic domain (C 2 ) also decreases with increasing water content (fig. 9b).

Hence, the contribution of inelastic phenomena (viscoelastic and viscoplastic) The constitutive parameters were extracted from experimental measurements using an inverse method approach. The proposed procedure leads to identify reliable model parameters. In the follwing, a highlight of the main conclusions is done:

• The time-dependent behaviour of flax / epoxy composites at low and moderate moisture contents (w c < 4.90 %) is correctly described by this model.

The composite behaviour at high water contents (w c ≥ 4.90 %) is also correctly described for loadings below the apparent stiffening point. However, the model fails to predict the behaviour for high moisture contents (w c ≥ 4.90 %) at loadings beyong the rigidification point.

• On the one hand, this model deviation was attributed to the emergence of a stiffening phenomenon at high water contents as observed in tensile tests. On the other hand, this discrepancy experiment/model could also be due to the initiation of plasticity which is not well identified.

• The analysis of modelling results also revealed an increase in non-elastic deformations (viscoelastic and viscoplastic) of flax / epoxy composites with increasing water content. The study shows a decrease in the viscosity parameters (η (w t ) and K (w t )) accompanied with a decrease in the associated rigidities (C 1 (w t ) and C 2 (w t )) with increasing water content.
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 1 Figure 1: tensile behaviour of flax/epoxy composite according to water content

  wc = 0 % and σc = 50 M P a wc = 0 % and σc = 150 M P a

Figure 2 :

 2 Figure 2: time-dependent behaviour of flax/epoxy composite

  )where w c is water content, E (w c ) the Young's modulus, σ y (w c ) the initial yield stress, η (w c ) and K (w c ) are the viscosity coefficients in the elastic and plastic domain respectively, C 1 (w c ) is the viscoelastic stiffness and C 2 (w c ) is the linear kinematic hardening. The symbol • corresponds to Macaulay's symbol such that x = 0 if x < 0 and x = x if x ≥ 0.

m

  and c allow to distinguish the measured and the computed values respectively. Γ k max is therefore the maximal value measured during the test k. Γ k max is a weighting and normalization coefficient. The proposed cost function is therefore adimensional. The experimental data used in inverse approach is composed of creep tests where Γ is the strain and relaxation tests where Γ is the stress.
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 3 Figure 3: intermediate stage optimisation results on dried composite

Figure 4 :

 4 Figure 4: model prediction versus experimental data for creep tests at different water content

Figure 7 :

 7 Figure 7: model validation with tensile tests

Figure 8 :

 8 Figure 8: Comparison between experimental yield stress with model prediction

Figure 9 :

 9 Figure 9: evolution of viscoelastic and viscoplastic properties as a function of water content

Table 1 :

 1 water content of flax/epoxy composite according conditioning

	Aqueous saturated	RH	Flax/epoxy composite
	saline solution or atmosphere at 20 • C ( %)	water content ( %)
	Dried	-	0 *
	Potassium hydroxide (KOH)	8	0.63 ± 0.03
	Potassium Carbonate (K 2 CO 3 )	45	2.40 ± 0.10
	Sodium Chloride (N aCl)	75	4.90 ± 0.20
	Potassium Sulphate (K 2 SO 4 )	97	10.50 ± 0.01
	Immerged	-	14

Table 2 :

 2 model parameters and coefficients to identify

	Symbol	Model parameters	Coefficients to identify

Table 3 :

 3 values of the model parameters and the identified coefficients

	σ y (w c )	ξ 2	2.09	η (w c )	ξ 5 202844
	(M P a)	δ 2	0.25	(M P a • s) δ 5	0.04
		n 2 -2.13		n 5 -2.35
	K (w c )	ξ 3	2184	C 1 (w c )	ξ 6	3173
	(M P a • s) δ 3	0.15	(M P a)	δ 6	0.29
		n 3 -3.45		n 6 -2.17
	C 2 (w c )	ξ 4	2462			
	(M P a)	δ 4	0.26			
		n 4 -2.28			
	flax / epoxy composites at high water contents (w c ≥ 4.90 %), model predictions
	for creep and relaxation tests are satisfactory for those conducted at low stress
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