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Introduction

Plant fibres have for long been considered as attractive materials, especially in the textile industry.

However, during the last century, remarkable results have been achieved worldwide in green technology in the field of materials science through the development of high-performance composite materials reinforced by plant fibres [START_REF] Mohanty | Composites from renewable and sustainable resources: Challenges and innovations[END_REF][START_REF] Ramesh | Plant fibre based bio-composites: Sustainable and renewable green materials[END_REF]. Fibres derived from plants, such as hemp, flax, jute and alfa fibres appear suitable for many industrial applications [START_REF] Gurunathan | A review of the recent developments in biocomposites based on natural fibres and their application perspectives[END_REF] thanks to their high specific properties, especially when compared to those of glass fibres [START_REF] Bledzki | Composites reinforced with cellulose based fibres[END_REF][START_REF] Faruk | Biocomposites reinforced with natural fibers: 2000 -2010[END_REF].

Flax and hemp are the most widely cultivated plants providing bast fibres for composite applications in Europe. They are also among the most studied natural fibres from a mechanical point of view [START_REF] Bourmaud | Towards the design of highperformance plant fibre composites[END_REF].

Historical [START_REF] Bonnétat | Les plantes textiles : lin, chanvre, etc[END_REF] and recent works [START_REF] Müssig | Industrial Applications of Natural Fibres: Structure, Properties and Technical Applications[END_REF] show that the cell wall is very similar between flax and hemp fibres, in terms of layers and sub-layers (number, thicknesses), biochemical composition, cellulose crystallinity index, cellulose microfibrils angle (MFA). Some differences can also be observed in the literature but the scattering in properties observed for each type of fibres is also very broad and make the comparison inconclusive [START_REF] Bourmaud | Towards the design of highperformance plant fibre composites[END_REF]. The scattering in such parameters for a fibre type is mainly attributed to the origin, variety, cultural, climatic, maturity and processing parameters and also to the analytical techniques [START_REF] Lefeuvre | Tensile properties of elementary fibres of flax and glass: Analysis of reproducibility and scattering[END_REF][START_REF] Marrot | Analysis of the hemp fiber mechanical properties and their scattering (Fedora 17)[END_REF].

Only the fibrillary orientation is different: S-twist for flax and Z-twist for hemp [START_REF] Bergfjord | A procedure for identifying textile bast fibres using microscopy: Flax, nettle/ramie, hemp and jute[END_REF].

The shape of the cross-section of the fibre as well as its area can differ between flax and hemp. Flax has generally a reduced lumen area and the shape of its internal and external contour lines is closer to a perfect circle when compared to hemp. Flax fibres tend to have a smaller diameter than hemp fibres [START_REF] Charlet | Scattering of morphological and mechanical properties of flax fibres[END_REF][START_REF] Bunsell | Handbook of Tensile Properties of Textile and Technical Fibres[END_REF][START_REF] Thygesen | Quantification of dislocations in hemp fibers using acid hydrolysis and fiber segment length distributions[END_REF][START_REF] Bergfjord | A procedure for identifying textile bast fibres using microscopy: Flax, nettle/ramie, hemp and jute[END_REF]. Anyway, these features are also highly dependent to cultural and climatic parameters. By the way, Bergfjord and Holst [START_REF] Bergfjord | A procedure for identifying textile bast fibres using microscopy: Flax, nettle/ramie, hemp and jute[END_REF] pointed out the attempts have been made to identify and distinguish bast fibres (in particular flax, hemp, ramie and jute) in both archeology and criminology by applying surface characteristics, chemical composition and cross section size and shape, but none of these methods can be said to be conclusive. The fibre length is generally higher for flax than for hemp [START_REF] Müssig | Industrial Applications of Natural Fibres: Structure, Properties and Technical Applications[END_REF].

The mechanical properties of their wall is also comparable. It was characterized by Peak-Force Quantitative Nano-Mechanical property mapping [START_REF] Bourmaud | Exploring the mechanical performance and in-planta architecture of secondary hemp fibres[END_REF][START_REF] Goudenhooft | Investigation of the Mechanical Properties of Flax Cell Walls during Plant Development : The Relation between Performance and Cell Wall Structure[END_REF]. Bourmaud et al. [START_REF] Bourmaud | Exploring the mechanical performance and in-planta architecture of secondary hemp fibres[END_REF] report an elastic modulus around 22-23 GPa for hemp fibre wall while Goudenhooft et al. [START_REF] Goudenhooft | Investigation of the Mechanical Properties of Flax Cell Walls during Plant Development : The Relation between Performance and Cell Wall Structure[END_REF] obtained values of stiffness around 17-18 GPa in the case of flax. Despite these similarities, they also generally exhibit differences in their tensile properties, and their global tensile behaviour. Indeed, despite a relatively similar structure and biochemical composition, flax fibres generally have slightly better tensile properties than hemp fibres [START_REF] Marrot | Multi-scale study of the adhesion between flax fibers and biobased thermoset matrices[END_REF], especially in terms of tensile strength and stiffness. On the other hand, they reach a smaller tensile strain at failure than hemp [START_REF] Charlet | Contribution à l'étude de composites unidirectionnels renforcés par des fibres de lin : relation entre la microstructure de la fibre et ses propriétés mécaniques[END_REF].

Regarding the biochemical composition, flax is characterized by a high percentage of crystalline cellulose, while the mass fraction of cellulose constituting it is in average lower compared to hemp [START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF][START_REF] Placet | Diameter dependence of the apparent tensile modulus of hemp fibres: A morphological, structural or ultrastructural effect?[END_REF].

The ultrastructure of these two fibres, defined in particular by the microfibrillar angle (MFA), is also comparable [START_REF] Müssig | Scanner based image analysis to characterise the influence of agronomic factors on hemp (Cannabis sativa L.) fibre width[END_REF].

Concerning the variability of the morphological, ultrastructural and biochemical composition characteristics, these two fibres have comparable scattering for almost all the parameters, except for the diameter and the fraction of crystalline cellulose: in this case the variability observed for hemp is at least twice the variability reported for flax [START_REF] Mohanty | Natural fiber, Biopolymer, and Biocomposites[END_REF][START_REF] Bergander | Cell wall properties and their effects on the mechanical properties of fibers[END_REF].

In view of the above, it could be hypothesized that the observed differences in the average mechanical properties of these two similar fibres are indeed led by the diversity in ranges of the parameters characterising their morphology, ultrastructure and composition.

The relationship between morphology, ultrastructure and composition of the fibre wall and tensile behaviour of plant fibre is still not well understood. Many studies are available in the literature concerning the factors affecting the mechanical properties of flax and hemp [START_REF] Duval | Influence of the sampling area of the stem on the mechanical properties of hemp fibers[END_REF][START_REF] Lefeuvre | Elementary flax fibre tensile properties: Correlation between stressstrain behaviour and fibre composition[END_REF][START_REF] Thuault | Numerical study of the influence of structural and mechanical parameters on the tensile mechanical behaviour of flax fibres[END_REF]. However, to the best of our knowledge, any of them takes into account the possible interactions between a more complex fibre morphology, the ultrastructure and the biochemical composition of the fibre wall to explain the experimentally observed behaviour and properties. The difficulties lying with this kind of analysis are directly related to the hierarchical structure of plant fibres, involving a large number of complex mechanisms driven by material and structural characteristics at different scales.

Taking into account the material properties at all scales, as well as the morphology, quickly generates a high calculation cost. From a numerical point of view, solutions exist to overcome the difficulties associated with analyses involving a large number of calculations. One of the most used tools is sensitivity analysis. Primarily designed to identify the most influential parameters in the modelling of a physical system in structural analysis, it also proves to be a powerful tool for understanding and identifying the mechanisms that determine a certain response from the physical system to model [START_REF] Saltelli | Sensitivity Anaysis as an Ingredient of Modeling[END_REF].

In this paper we propose a numerical study on the relationships between morphological, ultrastructural and material features, along with their variability, and the mechanical properties of flax and hemp fibres, in order to better understand the origins of the observed differences in tensile behaviour between flax and hemp fibres. A previously developed fibre model [START_REF] Trivaudey | Nonlinear tensile behaviour of elementary hemp fibres. Part II: Modelling using an anisotropic viscoelastic constitutive law in a material rotating frame[END_REF][START_REF] Del Masto | Nonlinear tensile behaviour of elementary hemp fibres: a numerical investigation of the relationships between 3D geometry and tensile behaviour[END_REF] is used to carry out a sensitivity analysis, in order to assess the impact of material, morphological and ultrastructural parameters on the tensile properties and behaviour of flax and hemp elementary fibres.

Methods and materials

3D model and behaviour law

The 3D model used for this study is based on a previously developed formulation. It is fully described in [START_REF] Trivaudey | Nonlinear tensile behaviour of elementary hemp fibres. Part II: Modelling using an anisotropic viscoelastic constitutive law in a material rotating frame[END_REF] and [START_REF] Placet | Diameter dependence of the apparent tensile modulus of hemp fibres: A morphological, structural or ultrastructural effect?[END_REF]. It is firstly developed for the study of hemp fibres, but it can be easily adapted to flax, considering they have very similar fibre wall's characteristics. The model is based on macroscopic considerations and uses the continuum mechanics formulation. The original model considers the fibre as a multi-layered cylinder, including all the sub-layers of the fibre wall. In this work, only the S 2 layer is considered, as it represents more than 90% of the total thickness of the fibre wall, both for hemp and flax fibres [START_REF] Bunsell | Handbook of Tensile Properties of Textile and Technical Fibres[END_REF]. The fibre wall is considered as a long fibre-reinforced composite material in which the fibres are represented by the cellulose microfibrils and the matrix is a mixture of transverse isotropic amorphous cellulose (hemicellulose) and isotropic lignin.

An anisotropic viscoelastic constitutive law is implemented for the material constituting the fibre wall [START_REF] Trivaudey | Nonlinear tensile behaviour of elementary hemp fibres. Part II: Modelling using an anisotropic viscoelastic constitutive law in a material rotating frame[END_REF]. The elastic properties of the fibre wall (longitudinal and transverse moduli E L , E T , Poisson's ratio ν LT and shear modulus G LT ) were computed using a multiscale rule of mixture technique and the properties of the main constituents of the cell wall [START_REF] Placet | Diameter dependence of the apparent tensile modulus of hemp fibres: A morphological, structural or ultrastructural effect?[END_REF].

A spectral formulation [START_REF] Richard | The safety-factor calibration of laminates for long-term applications: Behavior model and reliability method[END_REF][START_REF] Boubakar | A meso-macro finite element modelling of laminate structures Part II: Time-dependent behaviour[END_REF] is used to model the viscoelastic behaviour of the homogenised material of the fibre wall. The viscoelastic strain rates is defined as a superposition of the elementary kinetics ξi :

εve = n i=1 ξi = n i=1 1 τ i (µ i S ve σ -ξ i ) (1) 
Where S ve is a fourth order tensor describing the viscous anisotropy. Such a tensor requires, in addition to the classical elastic parameters, the identification of three parameters (β T , β LT , β T T ) related to the viscoelastic behaviour [START_REF] Trivaudey | Nonlinear tensile behaviour of elementary hemp fibres. Part II: Modelling using an anisotropic viscoelastic constitutive law in a material rotating frame[END_REF]. τ i , µ i are obtained from a relaxation times spectrum layout [START_REF] Maire | Etudes théorique et expérimentale du comportement de matériaux composites en contraintes planes[END_REF]. For this study, a truncated triangle spectrum is used, which is defined by four parameters : n 0 , n inf , n min , n max .

FE model

A toolbox previously developed, dedicated to the modelling of the fibre, is used [START_REF] Del Masto | Nonlinear tensile behaviour of elementary hemp fibres: a numerical investigation of the relationships between 3D geometry and tensile behaviour[END_REF]. The coded scripts are able to automatically generate the fibre geometry and mesh and the setting data file for the finite element calculation performed in the FE Abaqus R code. The simulation and postprocessing steps are then automatically carried out (Fig. 1).

The cross-section is kept constant in the fibre length and the morphology is only defined by the degree of ellipticity of the cross-section :

e = 1 - b a (2) 
where a and b are the largest and the smallest outer diameter of the ellipse. Both outer contour and lumen are elliptical, with the same degree of ellipticity e.

As for the study proposed by Del Masto et al. [START_REF] Del Masto | Nonlinear tensile behaviour of elementary hemp fibres: a numerical investigation of the relationships between 3D geometry and tensile behaviour[END_REF], solid 8-nodes-element mesh is used for the finite elements analysis. The length of the modelled fibres is 100µm. 1).

Three morphological parameters, defining the elliptic section of the fibre, are considered : the fibre diameter D, which correspond to twice the a axis in Equation 2, the lumen (i.e. the void in the center of the fibre) diameter d and the degree of ellipticity e defined in Equation 2. Concerning the structure of the S 2 layer, the parameters selected for the analysis are the initial microfibrils winding angle MFA (ψ), the cellulose mass fraction m c and its crystallinity rate m cr .

Table 2 summarizes the ranges of parameters defining the viscoelastic behaviour and elastic properties of the homogenised fibre wall.

Concerning the viscoelasticity, the parameters used in the sensitivity study correspond to those defining the spectrum (n 0 , n inf , n min and n max ), along with those defining the complaisance matrix S ve used in [START_REF] Trivaudey | Nonlinear tensile behaviour of elementary hemp fibres. Part II: Modelling using an anisotropic viscoelastic constitutive law in a material rotating frame[END_REF] (β LT , β T T and β T ).

The elastic properties of the homogenised material of the fibre wall are determined from the elastic moduli of all the polymeric constituents of the cell wall, as well as their mass fraction. Due to the lack of experimental data, the values of certain parameters are fixed: this is the case in particular of the proportion hemicellulose/lignin, fixed at 80/20 % in the matrix constituting the wall, and densities of the polymers. These parameters will therefore be taken at their nominal values.

Screening: Morris One At a Time (OAT) method

The main goal of screening techniques is to identify the subset of non-influent parameters (or factors) in a model, using a reasonable number of calculations. They are particularly suited for the study of large and/or computationally expensive models. The elementary effects' (EE) method [START_REF] Morris | Factorial Sampling Plans for Preliminary Copmputational Experiments[END_REF] is based on an experimental design where factors are increased OAT of a step ∆ i in the inputs domain. r different elementary effects are estimated by randomly sampling r trajectories in the inputs' space. For each trajectory, the computed sensitivity indices are the mean µ and the standard deviation σ of the obtained elementary effects.

The EE method allows a fast computation of sensitivity indices. Nevertheless, it is classified as a qualitative method [START_REF] Campolongo | From screening to quantitative sensitivity analysis. A unified approach[END_REF] because it doesn't distinguish the type of probability density function (PDF)

of the input parameters, i.e. the meaning of the computed indices cannot be clearly interpreted in terms of variance decomposition. In this study, the Morris screening method is only used to identify the most influent factors on the observed outputs. Only these few important parameters are then used to carry out a more time consuming variance based sensitivity analysis.

Extended Fourier Amplitude Sensitivity Test (EFAST)

The Fourier Amplitude Sensitivity Test (FAST) [START_REF] Cukier | Study of the sensitivity of coupled reaction systems to uncertainties in rate coefficients. I Theory[END_REF][START_REF] Cukier | Study of the sensitivity of coupled reaction systems to uncertainties in rate coefficients. III. Analysis of the approximations[END_REF] allows the computation of the main effects of each input factor to the variance of the output. The multidimensional space of the input parameters (factors) is explored by a suitably defined search-curve. This space-filling curve in the k th dimensional input space is built so as to explore each factor with a different frequency (ω 1 , ω 2 , ..., ω k ,).

The N design points over the curve are selected as follows:

X i (s j ) = Gi(sin ω i s j ), ∀i = 1, ..., k, ∀j = 1, ..., N (3) 
where X i is the i th input factor, the functions G i are chosen according to the desired probability density function of X i , s j is the parametric variable varying in (-π, π) which is sampled over its range using N points, and ω i are the frequencies. For this study, an extension of the FAST method is used. Proposed by Saltelli et al. [START_REF] Saltelli | A Quantitative Model-Independent Method for Global Sensitivity Analysis of Model Output[END_REF], it allows the computation of the total sensitivity indices, which estimate the total effect of factors X i , including the 1 st order effect and the interaction with the other parameters [START_REF] Sobol | Sensitivity estimates for non linear mathematical models[END_REF]. An important feature of the Extended FAST is that it's capable of yielding both the main and the total effect indices from the same set of model evaluations, and so it reduces the computational cost of the analysis.

Observed outputs 2.3.1. Apparent tangent modulus

Three different observed outputs are used for the sensitivity analysis. The apparent tangent modulus is calculated as the ratio between the increment of the global stress and the increment of the global strain :

E app (ε) = ∆σ(ε) ∆ε (4)
Since the tensile behaviour of fibres is nonlinear, the apparent tangent modulus is changing during the tensile test, as well as during the simulation. The sensitivity indices are then calculated at each incrementation, i.e. for each value of E a pp.

Failure criterion

A failure criterion based on the Hashin formulation [START_REF] Hashin | Failure Criteria for Unidirectional Fiber Composites[END_REF] is used in order to take into account the failure of the fibre. The criterion is applied at the scale of the fibre wall and it allows to distinguish microfibrils from hemicellulose/lignin matrix failure. For tensile behaviour, Hashin's criterion formulation is shown in Equation 5for microfibrils rupture and in Equation 6 in the case of matrix failure :

σ L T L 2 + 1 S 2 LT (τ 2 LT + τ 2 LT ) 1 (5) 1 T 2 T (σ T + σ T ) 2 + 1 S 2 T T (τ 2 T T + σ T τ T T ) + 1 S 2 LT (τ 2 LT + τ 2 LT ) 1 (6) 
The indices L and T, T correspond to the longitudinal and transverse directions of the cellulose microfibrils respectively. Failure occurs when the first of the two thresholds defined by the equations Equation 5and Equation 6 is reached. The observed output is then the level of global stress at break. This formulation requires the preliminary determination of the terms T L , T T and S LT , S T T , which represent the tensile (T ii ) and shear (S ij ) strength respectively, in the directions i, j = L, T, T .

Given the difficulty of the experimental identification of these terms, the tensile and shear strengths are computed using a rule of mixtures (RoM), starting from those of the constituents of the fibre wall, as shown en Equations 7-10:

• RoM 1: Microfibrils (MF) = crystalline cellulose (CC) + amorphous cellulose (AC) σ r M F = σ r CC v CC + σ r AC (1 -v CC ) (7) 
σ r AC = ε r CC E AC (8) 
• RoM 2: Matrix (MAT) = hemicellulose (HC) + lignin (LG)

σ r M AT = σ r HC v HC + σ r LG (1 -v HC ) (9) 
• RoM 3: Fibre wall = microfibrils (MF) + matrix (MAT)

T L = σ r M F v M F + σ r M AT v M AT (10) 
Equations 7-10 allows the computation of the tensile strength of the homogenised material of the fibre wall in the direction of the microfibrils from those of the constituents of the wall, namely σ r CC , σ r AC , σ r HC and sigma r LG , and their volume fractions. In the literature there is only a very limited number of studies on the identification of the properties of these biological polymers [START_REF] Sakurada | Experimental Determination of the Elastic Moduli of Polymer Crystals in the Direction Perpendicular to the Chain Axis[END_REF][START_REF] Ishikawa | Fine structure and tensile properties of ramie fibres in the crystalline form of cellulose I, II, III and IV[END_REF][START_REF] Dufresne | Cellulose and potential reinforcement[END_REF][START_REF] Kulasinski | Molecular mechanism of moisture-induced transition in amorphous cellulose[END_REF]. The strength of the crystalline cellulose is generally comprised between 5 and 10 GPa [START_REF] Dufresne | Cellulose and potential reinforcement[END_REF]. In the case of amorphous cellulose, its resistance is calculated via the Equation 9 according to a method conventionally used in the case of unidirectional composites [START_REF] Reddy | Mechanics of Composite Materials and Structures[END_REF].

For the other constituents, however, the lack of experimental data makes it necessary to rely on assumptions.

• Hemicellulose and amorphous cellulose have very similar properties. Therefore, σ r HC = σ r AC .

• For lignin, its strength is set equal to σ r HC /2. This value is justified by the fact that the ratio between the elastic properties of hemicellulose and those of lignin is generally equal to 2.

The terms T T , S LT and S T T are also obtained by means of hypotheses. Concerning the tensile strength of the fibre in the direction perpendicular to the microfibrils, the ratio of anisotropy of the plant wall α is used, which is defined as the ratio between the Young's modulus of the fibre in the perpendicular and longitudinal directions of the microfibrils. The strength in the perpendicular direction to the fibres is then T T = αT L The difficulty stands, however, when it comes to determining the shear resistances S LT and S T T . Again, due to the lack of experimental data, the choice turns to setting these values based on assumptions, taking into account the nature and molecular organisation of the constituents [START_REF] Dufresne | Cellulose and potential reinforcement[END_REF]. In particular, we set S LT = 100M P a and S T T = 50M P a.

The η ratio

The second observed output is the so-called η ratio. It was defined by Lefeuvre et al. [START_REF] Lefeuvre | Elementary flax fibre tensile properties: Correlation between stressstrain behaviour and fibre composition[END_REF] as :

η = σ 1 σ 1 + σ 2 (11) 
where σ 1 and σ 2 are the global stress at the threshold point of the first nonlinear section of the tensile curve (ε 1 , σ 1 ) and at the end of the tensile test respectively (Fig. 2). Lefeuvre et al. suggest that the size of the first nonlinear section, defined by ε 1 , may indicate the fibre capacity to absorb energy before the reorientation of microfibrils. In a certain way, the η ratio may be considered as an indicator of the nonlinearity of the tensile curve, as shown in Fig. 3. For high values of η, the apparent tangent modulus curve shows a strong inflection in the first loading stage. Inversely, for lower values of the ratio, the apparent tangent modulus is almost constant, expressing a quasi-linear behaviour.

Results and discussions

Screening analysis

For this work, a total of k = 26 parameters were involved in the screening analysis. The parameter space is discretised using p = 10 levels and it is scanned using 15 trajectories. The cost in terms of number of simulations is n = (k + 1) × r = 405, for both types of fibres. Simulations are carried out using a bi-processor quad-core system with 36 GB of RAM (two days of calculations). The main objective of the screening analysis is the identification of factors that have no, or very little, effect on the global tensile behaviour of the fibre. Once identified, negligible parameters will be set at their nominal values. The observed output is the apparent tangent modulus at each loading level. The results in terms of evolution of sensitivity indices on the mean-standard deviation diagrams of the Elemental Effects (EEs) are shown in Fig. 4a and 4b for flax and hemp fibres respectively. Fig. 4 is animated in the electronic version of this paper in order to easily follow the evolution of the indices with respect of the global strain. According to Morris method [START_REF] Morris | Factorial Sampling Plans for Preliminary Copmputational Experiments[END_REF], the most important parameters are those whose indices are the furthest from the origin of the axis in the µ(EEs), σ(EEs) diagram.

The results show that, despite the apparent similarity of flax and hemp fibers, the morphological, material and structural parameters do not affect their behaviour in the same way. In the case of flax, three parameters are distinguished themselves from the others whose indices remain close to the origin throughout the simulated tensile: the longitudinal modulus of crystalline cellulose E Lcc , the initial MFA ψ and the mass fraction of cellulose m c in the wall.

As for hemp fibres, the three parameters E Lcc , ψ and m c are also among those having a significant impact on the apparent stiffness. Nevertheless, other important parameters appeared: the crystallinity rate of cellulose m cr , along with the viscoelastic spectrum parameter n 0 and the degree of ellipticity e. In addition, the standard deviations of the EES reach values that are almost comparable to those of their means, which indicates a non-negligible role of interactions between parametres [START_REF] Morris | Factorial Sampling Plans for Preliminary Copmputational Experiments[END_REF].

In the electronic version of the paper, Fig. 4 shows the evolution of the Morris indices during the tensile test. This allows us to observe that for both types of fibre the influence of the MFA tends to decrease during the test, i.e. the parameter ψ seems to be more influential at the beginning of loading than at the end of the tensile test. This seems justified by the fact that towards the end of the test, microfibrils are increasingly straightened, which reduces the influence of the angle of winding.

The same decrease is obtained for the hemp fibre concerning the parameter n 0 . All other factors, tend to have a higher effect for higher strain level.

These results are partly in agreement with those of a previous work proposed in the literature [START_REF] Placet | Diameter dependence of the apparent tensile modulus of hemp fibres: A morphological, structural or ultrastructural effect?[END_REF].

In this study the authors used a perfectly circular section fibre model and a purely elastic behaviour to study the relationship between fibre diameter and apparent tangent modulus in the case of hemp.

In the cited study, the mass fraction of crystalline cellulose, as well as the longitudinal Young's modulus of crystalline cellulose and the initial MFA, are the parameters which most affect the apparent stiffness. However, in the cited work the mass fraction of cellulose does not seem to remarkably affect the apparent tangent modulus of the fibre. In addition, the G shear modulus of amorphous cellulose, which is not very effective in our study, is one of the most important factors in Placet et al..

The results of the screening step are interesting, but remain qualitative results, in particular because the probability distributions of the input parameters are not taken into account. However, it allows to sort factors according to their importance. Legend in Fig. 4 shows the used parameters ranked in decreasing order of importance. The animated Fig. 5 of the electronic version of the paper shows that from a parameters ranking's point of view, for flax as for hemp fibres, the variable whose effect seems to be predominant throughout the test is the parameter n 0 , which defines the extent of the relaxation spectrum. This result is in contradiction with that of the screening step shown in Fig. 4. The Morris method does not take into account the variance of the parameters, whereas in the FAST method the sensitivity indices are calculated according to the variance of the parameters. Overestimated variance can therefore overestimate the effect of a variable on the model response. Indeed, it is possible that the variance of n 0 may be overestimated due to errors in the identification method used to assess the viscoelastic parameters, as a consequence of the wide range of observed creep responses [START_REF] Cisse | Creep behaviour of single hemp fibres. Part I: viscoelastic properties and their scattering under constant climate[END_REF].

Concerning the other parameters, the animated Fig. 5 shows that it is possible to identify two types of evolution of the indices:

• In the case of flax, the three most important parameters, turn out to be the degree of ellipticity e, the mass fraction of crystalline cellulose m cr and the diameter of the fibre D. The other parameters follow with very close index values. Concerning the differences between the total and first order indices, results show that they remain limited throughout the test, with the exception of the degree of ellipticity and the mass fraction of crystalline cellulose: the indices relating to these two parameters have indeed a significant difference, corresponding in particular to a level of strain less than 0.7%. This indicates that in the first phase of loading the apparent rigidity is sensitive to the interactions between m cr and e. The evolution of the indices is expressed, in turn, through a decrease of the two indices in the first phase of the loading (up to a level of strain equal to 0.6-0.7%), followed by a stabilization which is maintained up to a strain level of 2% from which all the indices show very large fluctuations;

• Regarding the hemp fibres, the classification of variables is almost identical to that obtained in the case of flax. At the beginning of loading, the only remarkable difference with respect to flax concerns the indices of the fraction of crystalline cellulose and the degree of ellipticity: indeed, the difference between their total indices and the first order is here negligible. Regarding the evolution of the indices, it is similar to that observed for flax up to a strain level of about 1.2%. It is from this global strain value that the impacts of the parameters on the stiffness of the two types of fibres deviate. If in the case of flax the value of the indices tends to stabilize from a certain level of deformation, this plateau is absent in the case of hemp: for ε > 1.2%

and up to about 2%, the total indices increase rapidly, except for the e parameter. This increase does not concern, or in a very limited way, those of the first order: this implies an amplification of the difference between the two indices and a consequent augmented sensitivity of the stiffness to the interactions between the variables. At the end of the tensile test, the ranking of the parameters changed: for a strain level of about 3%, the most important parameter appears to be the longitudinal modulus of the crystalline cellulose E Lcc , followed by the n 0 parameter and the initial MFA ψ . The fraction of crystalline cellulose m cr , the diameter D and the degree of ellipticity e are, for these levels of deformation, the least effective parameters on the apparent stiffness.

Strength

The sensitivity indices obtained by observing the fibre strength are shown in Fig. 6. Once again, the parameter n 0 , one of the viscoelastic parameters, proves to be by far the most influent parameter on the strength for flax and hemp. The remarks made previously about this parameter are valid here as well. Concerning the other parameters, however, a remarkable difference between the two fibres can be observed:

• Crystalline cellulose mass fraction and fibre diameter are the variables that most affect flax fibre strength, with almost identical sensitivity indices. The remaining four parameters follow with very small gaps between their indices. An interesting aspect is the significant difference between the total and first order indices, and this for all the variables: this means that the stress at break of the flax seems to be affected by the interactions between the parameters taken into account.

• In the case of hemp, the only parameter that stands out from the others is the longitudinal modulus of crystalline cellulose, the other parameters having low sensitivity indices, both 1 st order and total.

These results show for the first time a true difference between these two types of fibres from the point of view of the impact of the parameters on their mechanical properties. This difference proves that, although flax and hemp are two very similar types of fibres, their strength, defined here via a failure criterion, is not influenced in the same way by the material and morphological parameters.

The η ratio

Regarding the η ratio, the interpretation of the results is slightly more delicate. The Fig. 7 shows again a preponderant effect of the parameter n 0 , even if it is weakened compared to the one expressed on the apparent stiffness and the strength. Concerning the remaining parameters, the two types of fibres are characterized by different sensitivity indices:

• The degree of ellipticity and the fraction of cellulose are the most important parameters on the η ratio in the case of flax. The E Lcc modulus, the fibre diameter and the crystalline cellulose fraction follow the first two, with a negligible difference between their total and 1 st order indices. Surprisingly, the MFA is the parameter with the smallest effect on the extent of the non-linear area of the stress-strain curve of flax. In addition, the gap between its indices is very small, indicating that η does not seem to be affected by the interactions concerning the MFA. This difference between the total indices and the 1st order is limited, but not negligible for the other parameters.

• The extent of the non-linear area of the hemp fibres behaviour is particularly affected by all the parameters taken into account: the differences between the two types of indices are indeed important for all the parameters. Regarding the ranking, the cellulose fraction is the most influent parameter, closely followed by the MFA and the fibre diameter. The remaining three variables close the ranking with very similar indices.

The most significant difference between the results for the two fibres is probably the MFA related indices. In both cases, the variance of ψ has little effect on the variance of η. However, its sensitivity to interactions between the MFA and other parameters in the case of hemp makes ψ the second most influential parameter for this type of fibre, while in the case of flax it has a negligible impact on η.

Tensile behaviour, properties and variability

Stress-strain behaviour

Fig. 8 shows the stress-strain curves obtained from the simulations performed for the global sensitivity analysis (2275 curves).

The stress-strain and apparent tangent modulus-strains curves end at the strain level which corresponds to the the breakage of the fibre, according to the failure criterion used. These envelopes are directly representing all the possible tensile behaviours with respect of the 7 input parameters (E Lcc , m c , m cr , ψ, D and d), ranging from nano to micro material scales, along with their variability.

By examining the curves obtained with this model-based approach, it is possible to observe three major differences between the two types of modelled fibres:

• The ultimate strain level is generally higher for hemp than for flax, as shown in Fig. 8a and 8b. This is especially true in the case of fibres with lower initial stiffness, as can be seen in areas of low stress.

• Fig. 8c and Fig. 8d show that from a type of behaviour point of view, flax and hemp fibres show a drop in apparent stiffness from a certain level of strain, which is clearly visible on apparent tangent modulus-strain curves. This response seems to occur more frequently in the case of hemp.

• The variability expressed by the two fibres in apparent rigidity seems comparable, as shown in Fig. 9. Here the evolution of the coefficient of variation is displayed as a function of the overall strain. The coefficient of variation is calculated for each i -th level of strain as the ratio of the standard deviation and the mean of the values of the apparent tangent modulus expressed at the i -th loading step. The curves end at the mean failure strain calculated for the two types of fibres. This result reveals that flax and hemp fibres express a variability that increases with the level of deformation considered until reaching a coefficient of variation of about 0.48. This maximum is reached at a strain level equal to 0.6% for hemp and about 1% for flax. Once the maximum reached, in the case of hemp the variability decreases until the mean strain at failure, while for flax the coefficient of variation remains constant.

Tensile properties

The Table 2 shows a comparison between the mechanical properties of flax and hemp fibre resulting from experimental works published in the literature and those obtained by simulation during this work. Results obtained in terms of initial stiffness are consistent with the data of the literature. On the other hand, large deviations are observed with respect to the strength and the strain at break, as well as to the η ratio. In this work the failure is supposed to occur when the stress level in a finite element of the model satisfies the Hashin criterion defined in Equation 5 and 6. In this numerical study, failure occurs for lower strain values compared to the experimental case. It follows from the Equation 11 that the η Equation 5 is partly overestimated. These differences between the properties experimentally measured and those obtained numerically can be due to several factors:

• in this work the break is supposed to occur as soon as the implemented criterion is exceeded : indeed, the proposed approach does not take into account the progressive failure, due to the viscoelastic behaviour of the constituents of the fibre wall. Also, the criterion is based on the application of the rule of of mixture to compute the tensile and shear strength of the fibre wall. This implies that the bonding between microfibrils and matrix within the fibre wall is assumed to be perfect, which is not the case in reality since stick-slip mechanisms may occur. This criterion may prove to be poorly adapted and result in an underestimation of the strength;

• the ultimate strain can be overestimated experimentally, since it is usually calculated from the displacement of the test machine. Indeed, Fuentes et al. [START_REF] Fuentes | Effect of the middle lamella biochemical composition on the non-linear behaviour of technical fibres of hemp under tensile loading using strain mapping[END_REF] showed, using a digital image correlation (DIC) method, that the overall strain calculated from the displacement is overestimated with respect to the deformation average obtained by DIC. In the future, it is recommended to compare numerical computed tensile behaviour and properties with those obtained experimentally through digital image correlation techniques in order to correctly estimate the goodness of numerical models for this kind of fibres.

Concerning the variability of the properties, the scattering observed experimentally on the initial stiffness is close to the one obtained numerically, and this for the two types of fibres analysed (cf.

Table 3). In the case of strength and strain at break, the standard deviations obtained in this study are close to the experimental ones for hemp fibres. In the case of flax fibres, on the other hand, the variability of the strength and strain at failure resulting from the simulations are lower than the experimental ones.

From the simulations, it is possible to investigate the existence of relationships between the properties estimated numerically. The Fig. 10 shows the results in terms of strength versus initial apparent tangent modulus for flax and hemp. There is a direct relationship of proportionality between apparent stiffness and fibre and its strength. This relation, observed experimentally for different species of fibres in several studies of the literature [START_REF] Marrot | Multi-scale study of the adhesion between flax fibers and biobased thermoset matrices[END_REF][START_REF] Duval | Influence of the sampling area of the stem on the mechanical properties of hemp fibers[END_REF][START_REF] Charlet | Contribution à l'étude de composites unidirectionnels renforcés par des fibres de lin : relation entre la microstructure de la fibre et ses propriétés mécaniques[END_REF][START_REF] Bodros | Study of the tensile properties of stinging nettle fibres (Urtica dioica)[END_REF], is confirmed by a coefficient of determination r 2 equal to 0.673 for flax and 0.65 for hemp. Lefeuvre et al. [START_REF] Lefeuvre | Elementary flax fibre tensile properties: Correlation between stressstrain behaviour and fibre composition[END_REF] show that there is also an inverse relationship between the extent of the nonlinear zone of the stress-strain curve, estimated by the η ratio, and the mechanical properties of fibres.

The Fig. 11 show the relationship between strength and η ratio for flax (Fig. 11a) and hemp (Fig. 11b).

Power functions, whose parameters are summarized in Another relation conventionally identified in the experimental studies is the one between the fibre diameter and the strength [START_REF] Marrot | Multi-scale study of the adhesion between flax fibers and biobased thermoset matrices[END_REF][START_REF] Duval | Influence of the sampling area of the stem on the mechanical properties of hemp fibers[END_REF][START_REF] Charlet | Scattering of morphological and mechanical properties of flax fibres[END_REF][START_REF] Fan | Characterization and performance of elementary hemp fibers: factors influenceing tensile strength[END_REF][START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF]]. An inverse relation is observed between the diameter of the fibres and their resistance. This is supposed to be a direct consequence of the greater probability of occurrence of defects when the dimensions of the fibre increase [START_REF] Weibull | A Statistical Theory of the Strength of Materials[END_REF]. Fig. 12a and12b shows the obtained strength and initial stiffness values respectively as a function of the diameters of the modelled flax and hemp fibres.

It is clear that no relationship between diameter and strength is here observable: indeed, in this study, the possible presence of defects in the fibre wall is neglected. The same conclusions stands regarding the relationship between diameter and stiffness. In this case also, several authors have observed an inverse relation between the diameter and the stiffness of the fibres [START_REF] Bodros | Study of the tensile properties of stinging nettle fibres (Urtica dioica)[END_REF][START_REF] Charlet | Contribution à l'étude de composites unidirectionnels renforcés par des fibres de lin : relation entre la microstructure de la fibre et ses propriétés mécaniques[END_REF] whose physical origin is more difficult to understand. However, the results of the simulations show here that the apparent stiffness of the fibre is not correlated to its diameter.

Discussion

Fig. 13 shows the results in terms of probability density functions of the initial apparent tangent modulus E 0 for flax and hemp fibres. 300 simulations are carried out using different values of standard deviation for two input parameters: the fibre diameter D and the mass fraction of crystalline cellulose m cr . Means and standard deviations of the normal distributions affected to these parameters are summarised in Table 5. All the other parameters are kept to their nominal values (cf. Table 1 and Table 2).

As shown in Fig. 13, a diminution of the variability of D and m cr leads to an increase of about 7% of the average initial apparent stiffness of hemp fibres (cf. Table 5). In other words, the observed differences in average mechanical properties for flax and hemp fibres seem to be directly related to the variability of some morphological, ultrastructural and fibre wall material parameters. In particular, the lower average of apparent stiffness generally observed for hemp fibres can be explained by the higher variability of fibre diameter and mass fraction of crystralline cellulose.

Conclusions

In this paper, a comparative study on the relationships between morphology, ultrastructure and fibre wall material and the tensile behaviour and properties of flax and hemp fibres is proposed through a numerical approach. The effect on the expressed tensile behaviour of the variability of the multiscale parameters characterising the morphology, the ultrastructure and the material of the fibres is assessed through a two-steps sensitivity analysis. Results in terms of sensitivity indices showed that the parameters taken into account do not have the same influence on the observed outputs for the two types of fibres. Table 3: Comparison between mechanical properties of flax and hemp reported in the literature and those obtained in this numerical study. Properties listed : initial apparent stiffness E 0 , strength σr, strain at failure εr and η ratio.

Data from the literature are from [START_REF] Lefeuvre | Elementary flax fibre tensile properties: Correlation between stressstrain behaviour and fibre composition[END_REF] on M1 (2009) for flax and [START_REF] Marrot | Multi-scale study of the adhesion between flax fibers and biobased thermoset matrices[END_REF] 
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 2 Variance based sensitivity indices3.2.1. Apparent tangent modulusFor the variance based sensitivity analysis via the extension of the FAST method, the first seven parameters of the classification resulting from the screening step are considered: the initial angle of the microfibrils ψ , the fraction of crystalline cellulose m cr , the fraction of cellulose m c , the degree of ellipticity e, the vicolasticity-related parameter n 0 and the outer diameter of the fibre D. The total number of simulations carried out is 2275, for both hemp and flax fibres. The analysis for each type of fibre therefore required about two weeks. Normal distribution function are affected to each parameter. The results obtained by observing the apparent tangent modulus are shown in Fig.5. As for the screening step, the evaluation of the indices at each loading step allows to estimate the evolution of the importance of the parameters during the simulation of the tensile test. The total indices allow to quantify the global effect of a variable on the model's response, whereas the first order indices quantify only the part of variability of the observed output due to the variance of this same variable. A possible difference between these two indices for the same variable proves that the model is sensitive to the interactions of this parameter with the others.
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 12 Fig. 1: Schematic representation of the automated process of FE model generation, simulation and post-processing.
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 34567 Fig. 3: Behaviours obtained for extreme values of η ratio.
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 8 Fig. 8: Comparison between tensile behaviours obtained for flax and hemp fibres. Stress-strain curves (a and b) and apparent tangent modulus-strain curves (c and d) obtained for flax (a and c) and hemp (b and d).
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 9 Fig. 9: Evolution of the coefficient of variation (CoV) of the apparent tangent modulus for flax and hemp plotted as a function of the strain.
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 1011 Fig. 10: Relationship between initial apparent tangent modulus and strength for flax (a) and hemp (b) fibres.

Fig. 12 :

 12 Fig. 12: Representation of the strength (a) and the initial apparent tangent modulus (b) as a function of the fibre diameter for flax and hemp.
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 13 Fig.13: Probability density functions of the initial apparent tangent modulus (E 0 ) obtained for flax and hemp fibres using different level of variability of parameters.

Table 4 ,

 4 are superimposed on the results obtained. It is possible to note that the observations of Lefeuvre et al. here are confirmed: either for flax or hemp, high values of eta ratio lead to a deterioration of fibre strength.

  on Fedora 17 (2007) for hemp. [GPa] 56.2 ± 11.9 52.3 ± 15.8 33.8 ± 12.2 37.9 ± 13.0 σ r [MPa] 1197 ± 452 479 ± 225.3 489 ± 233 393.5 ± 194.6

		Flax	Hemp
		Literature	This work	Literature	This work
	E 0 ε r [%]	2.2 ± 0.7	1.11 ± 0.32	2.5 ± 1.3	1.44 ± 0.40
	η [/]	0.27	0.43 ± 0.11	[/]	0.36 ± 0.12

Table 4 :

 4 Parameters of the power function y = ax b used to approximate the relationships between the η ratio and strength of flax and hemp

		a	b
	Flax	158.9 -1.195
	Hemp 161.9 -1.006

Table 5 :

 5 Means and standard deviations of fibre diameter D and mass fraction of crystalline cellulose mcr used for simulations in Fig.13. Results in terms of mean and standard deviation of initial apparent tangent modulus E 0 .

		D [µm]	m cr [%]	E 0 [GPa]
		µ ± σ	µ ± σ	µ ± σ
	Flax	19.9 ± 5 95 ± 5 33.12 ± 2.53
	Hemp 1	25 ± 5	65 ± 5 31.72 ± 3.01
	Hemp 2 25 ± 10 65 ± 13 29.51 ± 5.72

Results of the numerical study proposed in this paper also show that the difference observed in average mechanical properties of flax and hemp fibres are partly due to the differences in scattering of some morphological, ultrastructural and fibre wall material parameters. Indeed, for some parameters, variability reported in the literature in the case of hemp is twice the one observed for flax. This leads to lower values of average mechanical properties, like the initial apparent stiffness. Simulations show that a diminution of the standard deviation of the fibre diameter and the mass fraction of crystalline cellulose leads to an increase of about 7% of the initial apparent stiffness in the case of hemp fibres.
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