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The present study experimentally investigates the mechanical response of T700/M21 Carbon Fibre Reinforced Polymers subjected to coupled shear and transverse tension at intermediate strain-rates ranging from 10 -3 s -1 to 15 s -1 . Off-axis tension specimens with transverse and oblique tabs are used for the various tests. Moreover, the specimen aspect ratio is quite low, since dynamic tests are performed in this study. The axial stress-strain curves are successfully simulated using Finite Element simulations with a visco-elastic model. Based on these numerical simulations, specific stress correction factors are computed to take the effect of end-constraints into account for such low aspect ratio specimens. Finally, an increase in the material strength with the strain-rate is observed.

INTRODUCTION

The experimental characterization and the modelling of the behavior of laminated composites under quasi-static loading conditions have been intensely studied, in particular thanks to the various World Wide Failure Exercises [START_REF] Soden | Recommendations for designers and researchers resulting from the worldwide failure exercise[END_REF][START_REF] Hinton | The background to the second world-wide failure exercise[END_REF][START_REF] Kaddour | A comparison between the predictive capability of matrix cracking, damage and failure criteria for fibre reinforced composite laminates: Part a of the third world-wide failure exercise[END_REF]. Following these exercises, an increase of interest in the rate-dependent behavior law has been observed [START_REF] Daniel | Strain-rate-dependent failure criteria for composites[END_REF][START_REF] Raimondo | Modelling of strain rate effects on matrix dominated elastic and failure properties of unidirectional fibre-reinforced polymer-matrix composites[END_REF][START_REF] Tao | Experimental and theoretical studies on inter-fiber failure of unidirectional polymer-matrix composites under different strain rates[END_REF].

The physical justification of the various rate effects introduced in these models is classically based on compressive high strain rate tests on off-axis specimens [START_REF] Tsai | Dynamic compressive strengths of polymeric composites[END_REF][START_REF]Strain rate effect on in-plane shear strength of unidirectional polymeric composites[END_REF][START_REF] Ninan | Use of split hopkinson pressure bar for testing off-axis composites[END_REF][START_REF] Koerber | High strain rate characterisation of unidirectional carbon-epoxy im7-8552 in transverse compression and in-plane shear using digital image correlation[END_REF]. The use of off-axis specimens allows a coupling to be induced between tension (or compression) and shear in the specimen, using a single actuator and simple specimens, which explains the interest of the various authors in these tests, particularly when dealing with the dynamic testing. Some authors [START_REF] Pierron | The 10 off-axis tensile test: a critical approach[END_REF][START_REF] Leong | Interlaminar/interfiber failure of unidirectional glass fiber reinforced composites used for wind turbine blades[END_REF][START_REF] Vargas | Determination of in-plane shear strength of unidirectional composite materials using the off-axis three-point flexure and off-axis tensile tests[END_REF] have used off-axis specimens under tension to study the failure of Carbon Fiber Reinforced Polymer (CRFP) materials. Less studies have investigated the dependency on the strain-rate. An example is the work of Tanigushi et al. [START_REF] Taniguchi | Tensile strength of unidirectional cfrp laminate under high strain rate[END_REF], which used oblique tab off-axis specimens and Split Hopkinson Tension Bars leading to strain-rates above the range of interest of this study. The use of oblique tabs permits the unwanted transverse load to be limited in tensile off-axis tests. For compressive testing, the transverse load is classically neglected by reducing the friction between the specimen and the testing machine. For the tensile test, the specimen has to be held with a gripping system. Consequently, the unwanted transverse load leads to a more complicated analysis, even more for dynamic tests which can explain that compressive tests have been preferred in the literature.

The aim of this work is to develop a methodology to characterize the rate dependency of the failure of a CRFP ply subjected to coupled tension and shear loadings. The range of strain-rates targeted is between 10 -3 s -1 and 100 s -1 . The preferred testing devices for these strain-rates are servo-hydraulic jacks. In this study, the use of oblique tabs is proposed, in order to reduce the unwanted transverse load. We focus specifically on the influence of the specimen aspect ratio which modify the length that can freely deform in order to be able to reduce it for the dynamic testing investigation. Finally, the test results are presented and analyzed for three different loading rates on a servo-hydraulic jack.

SPECIMEN GEOMETRY FOR DYNAMIC TESTING

The advantage of off-axis specimens is the apparent simplicity of the test, however their drawback is that they induce an unwanted transverse load to the testing device. In addition to increasing the complexity of the analysis, this could prevent the use of such specimens on servo-hydraulic jacks, since they are usually not build to withstand high transverse loads. One way of dealing with this drawback is the use of long specimens (for instance an aspect ratio of 12.5 in [START_REF] Vargas | Determination of in-plane shear strength of unidirectional composite materials using the off-axis three-point flexure and off-axis tensile tests[END_REF]) and corrective factors [START_REF] Mujika | New considerations on the stress field in an off-axis tensile test[END_REF]. However, such long specimens are not suitable for high strain-rate tests, since it would lead to smaller strain-rates for the same actuator speed and it would amplify resonance of the load chain and pollute the load signal recording. It would also lead to longer times to reach mechanical equilibrium. The investigated solution in this study is the use of oblique tabs on such specimens (Figure 1). Oblique tabs are designed to diminish the transverse load and homogenize the stress fields. Indeed, Sun and Chung [START_REF] Sun | An oblique end-tab design for testing off-axis composite specimens[END_REF] showed that the stress distribution is more homogeneous in the specimen using these tabs and that it results in a better shear modulus measurement without the use of correction factors. Pierron and Vautrin [START_REF] Pierron | The 10 off-axis tensile test: a critical approach[END_REF] extended the analysis of the effect of such procedure to the characterization of the strength of unidirectional composites. They observed that, unlike for straight tab specimens, the failure occurred in the gauge section using oblique tabs for an aspect ratio of 9 ( ∕ in Figure 1). However, they concluded that the presence of transverse stresses in the specimen prevents the determination of the in-plane shear strength. Although it appears as a limitation in their study, the investigation of the effect of the strain-rate on the failure of unidirectional specimens subjected to coupled shear and transverse stresses is of interest, so these specimens seem quite appropriate. 

Material

The material used in this study is the Hexply M21/35%/268/T700GC (Hexcel France) made of T700 carbon fibers and M21 epoxy resin. The unidirectional plates have been manufactured with a typical cure cycle in an autoclave after a hand lay-up procedure. The various specimens have been cut out of the plates with a diamond saw. The quasi-static and dynamic elastic properties have been characterized by various authors. The values used in this study to compute oblique tabs have been taken from the PhD thesis of J. Berthe [START_REF] Berthe | Comportement thermo-visco-élastique des composites CMO-De la statique à la dynamique grande vitesse[END_REF]. Table 3 summarizes these numerical values.

Computation of oblique tab angles

The theory used to define the angle of oblique tabs is the linear elastic theory. To compute the angle of oblique tabs, Sun and Chung [START_REF] Sun | An oblique end-tab design for testing off-axis composite specimens[END_REF] considered that the off-axis specimen is subjected to a uniaxial stress . Under this assumption, the state of strain is given as :
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where ̄ are the compliance coefficient in the global coordinate system. Consequently, a shear deformation occurs when subjected to a normal load, except when the global coordinate system coincides with that of the material. Then, assuming elastic deformation of the specimen, the angle between the isodisplacement lines and the longitudinal axis can be computed. The oblique tab angle is based on this angle , given by Equation [START_REF] Berthe | Improved viscoelastic model for laminate composite under static and dynamic loadings[END_REF]. Table 1 summarizes the correspondence between the off-axis angle of the specimen and the oblique angle of the tab.
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Effect of the specimen length/width aspect ratio on the transverse load

Oblique tabs have been mainly used for quasi-static tests with high aspect ratio. However, for high strain-rate tests, the specimen length should be reduced in order to reach higher strain-rates for the same actuator speed. Additionally shorter specimens will reduce the time required to reach dynamic equilibrium for the high strain-rate tests. For instance, Taniguchi et al. [START_REF] Taniguchi | Tensile strength of unidirectional cfrp laminate under high strain rate[END_REF] used specimens with a length of 25 mm and a width of 5 mm (aspect ratio of 5) to perform high strain-rate tension tests with Split Hopkinson Pressure bars. However, in an attempt to limit free edge effects, a width of 15 mm will be considered in the present study. Consequently, lower aspect ratios have to be studied. The investigation of this effect numerically using Finite Element (FE) simulations is proposed. It would also help to understand the magnitude of the transverse load.

To perform this investigation the Z-set software has been used [START_REF] Missoum-Benziane | Z-set/zebulon: une suite logicielle pour la mécanique des matériaux et le calcul de structures. 10e colloque national en calcul des structures[END_REF]. It is a FE software co-developed by École des Mines ParisTech and Onera. 3D computations are performed using prismatic 15 node quadratic elements. There are 4 elements in the specimen thickness. Triangular prismatic elements are selected, since the discretization of the tab angle tip would lead to highly distorted elements if more common hexahedral elements were used. The mean element size is about 1 mm. An implicit solver is used in all of the present work. As in [START_REF] Pierron | The 10 off-axis tensile test: a critical approach[END_REF][START_REF] Sun | An oblique end-tab design for testing off-axis composite specimens[END_REF], the tabs are not modelled, so only the angle between the boundary condition and the axis of the specimen changes. In practice, a specimen width = 15 mm is used, the specimen length has been adapted to each case. The aspect ratio of 2.66 is the smallest that can be investigated. Indeed, to ensure that the fibres never bridge between the two end-tabs for all configurations, the aspect ratio of 2.66 is the smallest one that leaves an area that is free to deform in shear for a 15 off-axis specimen which is the critical configuration. In all cases, a displacement leading to 1% of longitudinal strain is applied at one end of the specimen, while the other remains clamped, as shown in Figure 2. The external loads are then recovered and used to compute the transverse-over-longitudinal load ratio. Table 2 summarizes the ratio between the transverse force and the longitudinal force for all the tested cases. It can be seen that the / levels obtained numerically for the 2.66 aspect ratio with straight tabs are quite important. However, with the oblique tabs, the / levels are of the same order of magnitude as that of a straight tabbed specimen with an aspect ratio of 10, which are more reasonable. From these results, it can be concluded that the use of oblique tabs is even more important for short specimens because they tend to induce higher transverse load levels. From this analysis, these levels are considered low enough to proceed with the experiments.

FIGURE 2

Boundary conditions of the FE simulations. Only the grey area is meshed. The nodes on the left end of the specimen free length have all degrees of freedom blocked. On the right end, the y and z degrees of freedom are blocked and displacement along the x degree is imposed. 

EXPERIMENTAL PROCEDURE

Synthesis: final specimen geometry for dynamic tests

Figure 3 summarizes the dimensions of the off-axis tension specimens used for high strain rate tests. [0] 4 T700/M21 unidirectional lay-ups have been used to manufacture the specimens. Glass fiber tabs with a thickness of 1 mm have been used, as recommended by Pierron and Vautrin [START_REF] Pierron | The 10 off-axis tensile test: a critical approach[END_REF] for off-axis specimens. They are bonded to the specimen using Araldite 2014-1 adhesive. The length of the tabs was limited to 50 mm by the gripping device used, so that the complete length of the tabs was gripped by the device. 

Test set-up

The experimental set-up is described in Figure 4. The experimental investigation is performed using a SCHENCK servohydraulic jack. In this study, three different upper holder speeds will be studied: 5 mm/min, 500 mm/min and 1 m/s. For each speed, at least three specimens are tested in order to check discrepancies. The applied load is measured with a Kistler 9071A piezo-electric load cell. A pre-stress load is applied on the load cell in order to be able to measure the load applied to the specimen between -200 and +200 kN. To accurately evaluate the speed of the test, the upper holder displacement is measured with a KEYENCE LK-H052 laser transducer.

The specimen axial strain is measured with a 2-mm grid (TML YFLA-2) strain gauge, which is glued on the specimen surface. In addition to this measure, Digital Image Correlation (DIC) will be used to assess the homogeneity of the strain field prior to the failure. The images are recorded using an high speed Photron SA-X camera with a Micro NIKKOR 105 mm f/2.8 lens with two extension tubes of 12 mm. The camera has a resolution of 1024x1024 pixels. For all DIC maps presented in this work, the full resolution of the camera is used and the camera frame rate is 50 fps. The field of view has been adapted dependending on the specimen off-axis angle. It is between 30 mm for 15 off-axis specimens and 55 mm for 90 specimens. It results in pixels size between 0.029 mm and 0.053 mm. Finally, to synchronize all measurement systems and record data, a 1-MHz DEWETRON DEWE-2600 data acquisition system is used. 

QUASI-STATIC EXPERIMENTAL VALIDATION

Firstly, tests have been performed at a loading rate of 5 mm/min which is the minimum of this actuator. A minimum of three specimens have been tested for all off-axis angles to assess repeatability. To ensure the absence of bending in the tests, a comparison between DIC and the strain gauge was performed in the gauge area. The mean axial strain computed by DIC is consistent with the one recorded by the strain gauge on the opposite side of the specimen, so the specimen is only subjected to in-plane loading. Figure 5 summarizes the axial stress-strain curves for all tested angles. The last points of the curves correspond to the failure of the specimen, from which the strength is determined. In the present work all stress-strain curves presented are typical results; it is presented in this way since the experimental discrepancy is low for the material behavior. The discrepancy in terms of failure is discussed later in the paper. It must be noted that for the 15 , 30 , 45 and 60 off-axis specimens the axial stress-strain response exhibits a non-linearity. Obviously, this non-linearity is not in agreement with the linear elastic behavior assumed to design the oblique tabs. This non-linearity in the axial stress-strain can also be observed in numerous studies, such as [START_REF] Kawai | Effects of end-tab shape on strain field of unidirectional carbon/epoxy composite specimens subjected to off-axis tension[END_REF][START_REF] Taniguchi | Tensile strength of unidirectional cfrp laminate under high strain rate[END_REF][START_REF] Koerber | Experimental characterization and constitutive modeling of the non-linear stress-strain behavior of unidirectional carbon-epoxy under high strain rate loading[END_REF] for both rectangular and oblique tabs.

Uniaxial 5mm/min tests have also been performed on 0 specimens to determine the longitudinal modulus. A value of 124.8 GPa has been measured using the ISO 257-5:1997 [START_REF] Iso | Plastics-determination of tensile properties[END_REF] standard. From the 45 off-axis tests the shear modulus has been determined and from the 90 off-axis tests the transverse modulus has been determined. Table 3 summarizes these properties. The properties found in this study are lower than those determined in [START_REF] Berthe | Comportement thermo-visco-élastique des composites CMO-De la statique à la dynamique grande vitesse[END_REF] that have been used for the tab angle computation. Fortunately, this variation observed between the measured values and the one used to compute tabs angles induces only very slight changes in the tab angle, with a maximum variation obtained for the 60 configuration leading to a modification of the tab angle lower than 1.5 . Consequently, these variations are neglected in the sequel.

Based on these mechanical properties, the theoretical off-axis rigidities can be computed according to Equation (3) below: where ′ 11 ( ) is the rigidity of a angle off-axis specimen, and 11 , 22 , 12 and 44 are rigidities along the orthotropy axes. Table 4 compares the various off-axis rigidities computed using this transformation law with those found experimentally. A significant difference between the apparent rigidity predicted by the transformation law and that obtained experimentally can be observed for the 15 off-axis specimens. This difference had already been noticed by Cai et al. [START_REF] Cai | Coupling coefficients of glass/epoxy laminates under off-axis tensile conditions: Experimental verification[END_REF] on glass/epoxy laminates for 15 and 30 off-axis specimens under tension. However they did not explain it. 

Finite Element simulations taking into account visco-elasticity

To investigate the possible causes of the difference between the axial rigidity computed from the transformation law that obtained experimentally at 15 and 30 , FE simulations have been performed. Linear elastic FE simulations, such as those performed in Section 2.3 do not reproduce this observation. Thus, the introduction of the end-constraint appears to be insufficient to explain this phenomenon. Since it is known that CFRP are time-dependent material and that there is no clear damage mechanism to consider for these loading cases, a visco-elastic model is considered.

Spectral viscoelastic model

The purpose of this study is to model the mechanical response of organic matrix composite materials under loadings of various strain rates. We focus on the variation of the tangent shear modulus 12 , which is known to be rate-dependent. One way of taking this phenomenon into account is to introduce a function to describe the evolution of the modulus, 12 = ( ̇ ), as, for example, in Song et al. [START_REF] Song | Quasi-static and dynamic compressive behaviors of a s-2 glass/sc15 composite[END_REF]. The choice of is not simple and generally not physically based. Another way, considered in the present paper, is to use a visco-elastic behavior for the unidirectional ply. In the following work, a visco-elastic spectral model taken from Maire [START_REF] Maire | Etudes théorique et expérimentale du comportement de matériaux composites en contraintes planes[END_REF] is used. The visco-elastic behavior of the ply, in the local basis, can be written as:

= 0 ∶ ( -) (4) 
where is the Cauchy stress, 0 is the elastic tensor, is the total strain and is the viscous strain. In such an approach, the viscous strain is taken as the sum of elementary viscous mechanisms , associated with a relaxation time and a weight :

̇ = ( ) ∑ ̇ ̇ = 1 ( ) ∶ - (5) 
where ( ) is a non-linear function and is the viscous compliance, which are defined in the sequel. The weight and relaxation times of each elementary viscous mechanism ( , ) define the temporal spectrum. These relaxation times are the classical ones from rheological models. As is classically observed with rheological models, this model needs a large number of viscous mechanisms to be fully representative of the complex viscous behavior of the laminated composites considered (in the rest of this paper 50 mechanisms are arbitrarily used). In order to simplify the identification of the temporal spectrum, a Gaussian spectrum form is used.

∀ ∈ [1; ], = 2 -1 -1 * ( -1) + 1 (6) 
= exp ( ) = ∑ ℎ = 1 0 √ exp - - 0 2
where 1 and 2 are, respectively, the lower and upper boundaries used to numerically describe the time-space in the interval [-∞;+∞]. The spectrum is based on only two parameters: the mean of the Gaussian spectrum and 0 = √ 2 where is the standard deviation. The described spectrum was successfully used in the work by Maire [START_REF] Maire | Etudes théorique et expérimentale du comportement de matériaux composites en contraintes planes[END_REF] to model the viscoelastic behavior of Glass Fibre Reinforced Polymer during creep tests and in the work by Berthe [START_REF] Berthe | Improved viscoelastic model for laminate composite under static and dynamic loadings[END_REF] to model the strain rate dependency of CFRP at high strain rates. In order to simplify the identification, the viscous compliance is taken as a function of the elastic compliance 0 : 

= ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 0 
⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ (7) 
It can be observed that no viscous behaviour is introduced in the first direction which is corresponding to the fiber orientation. Finally, to describe creep tests, a non-linear function ( ) has been introduced in [START_REF] Petipas | Analyse et prévision du comportement à long terme des composites fibres de carbone/matrice organique[END_REF]:

( ) = 1 + √ ∶ ∶ (8) 

Model identification and simulation results

The parameters of the model have been identified by performing FE model updating using Z-opt, which is part of Z-set. The experimental displacement time histories have been used as boundary conditions for the FE simulations. Table 5 summarizes the numerical values used for the Finite Element simulations. In this visco-elastic model, the considered value of 12 corresponds to an asymptotic value of the modulus when viscous effects do not develop. Consequently, the identified value is necessarily higher than the experimental one. The visco-elastic spectrum used is extracted from [START_REF] Berthe | Comportement thermo-visco-élastique des composites CMO-De la statique à la dynamique grande vitesse[END_REF]. Figure 6 compares the experimental and simulated results. Two axial stress-strain curves are plotted for the simulations. The first one is computed in the same way as in the experiments; i.e., the longitudinal load divided by the initial section and the strain is an average over a 2x2 mm 2 section corresponding to the strain gauge area. It is computed to be compared to the experimental results and is denoted " ∕ 0 " in the graphs. The second one is the average of the stress and strain on the 2x2 mm 2 area of the strain gauge. This one is computed to determine whether the experimental stress-strain curves are representative of the local state at the center of the specimen. It is denoted as "local" in the graphs. The agreement between the ∕ 0 model axial stress-strain curves and the experimental ones is quite reasonable. It can be seen that, by taking into account viscous effects, the experimental rigidity is better predicted for the 15 off-axis test. However, there is a significant difference between the stress computed using the load and that computed in the gauge area by the FE simulations for the 15 and 30 off-axis specimens. In the 15 simulation, the load based on axial stress is smaller than the local one by approximately 6%. Interestingly, for the 30 off-axis test, it is the local one that is smaller than the loadbased one by 2.5%. Additionally, other stress components are not negligible in the simulations. Consequently, the computation of the local stress state can no longer be based on the uniform stress distribution along the cross section and corrections have to be computed to accurately evaluate the local stress applied experimentally on the material from the experimentally measured load.

TABLE 5

Numerical values used in the spectral visco-elastic model for 5 mm/min simulations.

12 0 66 22

5.56 GPa 7.5 GPa -2 9.5 4 3.22 0.66 0.2

Figure 7 shows the axial stress and strain fields predicted by FE simulation for the 15 off-axis specimen at the failure stress level. Figure 8 presents the axial stress computed along the failure line for all specimens. It can be seen that the stress in the failure section is reasonably homogeneous. It has a variation of less than 6% for the 15 off-axis specimen and become more homogeneous with the off-axis angle. Thus, it can be concluded that a correction factor could be reasonably used in order to accurately compute the local stress applied to the material. Equation ( 9) explains how the corrected stress is computed using the correction factors determined with FE simulations. Table 6 summarizes the numerical values of the correction factors computed for the quasi-static tests.

= 0 ⎛ ⎜ ⎜ ⎝ ⎞ ⎟ ⎟ ⎠ (9)
where is the corrected stress in the global frame and , , are the correction factors for all stress components. Finally, FE simulations have also been performed on 15 specimens at the same strain-rate with an aspect ratio of 10. In this case, the correction factors obtained were very low (0.2% on the axial stress). Consequently, the need for correction factors seems to be linked to the very low aspect ratio of the specimens considered in this study. 

1 + 1.2 ⋅ 10 -4 1.8⋅10 -2 -1.9⋅10 -2 -2.3⋅10 -3 -3.8⋅10 -4
-7.8⋅10 -7 6.4⋅10 -4 -2.9⋅10 -2 -1.5⋅10 -2 -5.3⋅10 

Failure stress state and fracture location

One of the objectives of the present study is to investigate CRFP material strength under coupled shear and tension loadings. To compute the stress component according to the material axis, Equation ( 10) is used. Figure 9-(a) summarizes the axial material strength recorded as a function of the specimen angle. It also reports the non-linearity threshold determined using the method introduced by Castres et al. [START_REF] Castres | Experimental evaluation of the elastic limit of carbon-fibre reinforced epoxy composites under a large range of strain rate and temperature conditions[END_REF], to locate a 2% deviation with respect to a linear behavior. Figure 9-(b) summarizes the material stress states at failure computed assuming an homogeneous stress state and by using correction factors computed using the visco-elastic FE simulations. A significant difference is found between the assumed homogeneous stress state and the corrected one for 15 off-axis tests. In these tests the axial failure stress of the 60 off-axis specimen is at the same level as the 45 one. This results in a large difference in Figure 9-(b). This is unusual, since in their studies Kawai and al. [START_REF] Kawai | Effects of end-tab shape on strain field of unidirectional carbon/epoxy composite specimens subjected to off-axis tension[END_REF] and Taniguchi et al. For other angles it is consistent with these studies and with that observed by Vargas and Mujika [START_REF] Vargas | Determination of in-plane shear strength of unidirectional composite materials using the off-axis three-point flexure and off-axis tensile tests[END_REF].

⎛ ⎜ ⎜ ⎝ ⎞ ⎟ ⎟ ⎠ = ⎛ ⎜ ⎜ ⎝ 2 2 -2 2 2 2 - 2 -2 ⎞ ⎟ ⎟ ⎠ ⎛ ⎜ ⎜ ⎝ ⎞ ⎟ ⎟ ⎠ (10) 
The fracture location is obviously critical in tests designed to characterize the material strength, especially for such low aspect ratio specimens. Figure 10 summarizes the fracture location for all 5 mm/min loading rate tests. It can be seen that most of the failures occur in the gauge section. Interestingly, for all 15 off-axis specimens the failure occurred in the interest area, although it is the case in which the stress state is the most heterogeneous in FE simulations.

Homogeneity of the axial strain field

Axial strain fields are computed using digital image correlation (DIC) in order to assess the homogeneity of the strain field prior to the failure. The DIC is performed using the Onera escale platform, which is dedicated to the dialogue between experiments and simulations. The DIC is performed using the software FOLKI-D, which uses local method and provides dense fields [START_REF] Besnerais | Fast and dense 2d and 3d displacement field estimation by a highly parallel image correlation algorithm[END_REF]. A subset size of 20 pixels has been used for the strain computation. Figure 11 summarizes typical axial strain maps recorded prior to the failure for all tested angles. Bands of higher axial strain can be observed for angles ranging from 15 to 60 . These bands are oriented along the fiber direction. For the 15 specimen the size of the band corresponds to the area that can geometrically deform freely in shear. For the 30 off-axis test, this area is already very large and several localized shear bands were observed during the test. Except for these bands the axial strain field is quite homogeneous.

EXPERIMENTAL INVESTIGATION OF LOADING RATE INFLUENCE

Once the specimen geometry was validated for the slowest loading rates, tests were performed at higher loading rates of 500 mm/min and 1 m/s. For high actuator speeds, the load signal can be perturbed by the mechanical resonance of the loading chain. The natural frequencies of the loading chain, including the load cell, had previously been characterized. To minimize the effect of this resonance on the various high loading rate signals, a bandstop Butterworth first order filter is applied between 5000 and 8000 Hz on all load signals recorded for 1 m/s tests. Figure 12 shows an example of a load signal before and after using a filter for a 15 off-axis specimen. It can be seen that the filter effect is very reasonable, especially in the frequency domain. Additionally, it does not greatly affect the maximal value, which is used to compute the material strength. Figure 13 summarizes typical stress-strain curves for all tested off-axis specimen orientations and all actuator loading rates. For orientations ranging from 15 to 60 , a progressive increase in the apparent modulus is observed with the strain rate. It is less visible in the 75 and 90 tests. This observation is consistent with the use of a visco-elastic model that can differentiate strain-rate dependency in both 0 and 90 tension directions and shear. 

Visco-elastic simulations

As for the low stroke rate, FE simulations used to determine the local stress states in the 15 and 30 off-axis tests with such low aspect ratio specimens. In the sequel, a new set of viscous parameters is used, specifically identified considering all the loading rates to accurately describe the rate dependency of the material as the previous identification was dedicated only to quasi-static loading rates. of the apparent modulus with the strain-rate observed experimentally is well reproduced by the model. Globally, the non-linear behavior is also reasonably well predicted. The exception is the response at 45 which is slightly overestimated.

Failure stress states and fracture locations

Figure 15 summarizes the axial material strengths for all performed tests. Figure 16 summarizes the fracture locations for all tests performed for an actuator speed of 500 mm/min and 1 m/s. It can be seen that there is a clear increase in the axial failure stress for specimens oriented at 15 and 30 . For other specimen orientations the tendencies are less clear since the experimental scatter becomes more significant. For instance: • at 45 the strength recorded in all tests performed at 0.1 s -1 is greater than that recorded at 10 -3 s -1 . However, the scatter of those recorded at 15 s -1 is large. There are some tests which have failed at the junction with the tabs and at the same stress as the 10 -3 s -1 tests and one that failed in the gauge area at a stress greater than those at 0.1 s -1 .

• at 60 the scatter in the tests makes it difficult to reach a conclusion: while at a loading rate of 10 -3 s -1 all specimens failed in the gauge section; at 0.1 s -1 only one failed in the gauge section, while the others failed at the junction with the tabs. The one that failed at the junction with the tabs has a failure stress superior to the ones at 10 -3 s -1 while the others are similar. At 15 s -1 all specimens failed at the junction with the tabs.

• at 75 most specimens failed in the gauge section for all of the tested strain rates and an increase in the failure stress with the strain-rate can be observed.

• at 90 the mean of the failure stress at 0.1 s -1 is greater than that at 10 -3 s -1 , and all of the specimens failed in the gauge section. However, the scatter is larger at 0.1 s -1 than at 10 -3 s -1 . At 15 s -1 , all specimen failed at the junction with the tabs. One of these failed at a stress greater than all others recorded, while the other two lay near the lower levels recorded at 10 -3 s -1 .

Overall, an increase of the axial failure stress with the strain-rate is observed for all orientations. It is larger for the 15 off-axis specimens and decreases while the specimen off-axis angle increases. 

DISCUSSION

Globally, the scatter of the results is larger for off-axis specimens with an angle between 45 and 90 , especially for the higher tested stroke-rates. This is often the case in high stroke rate tests. However, in the present case slight differences in the axial failure stress result in large differences when plotted in the shear stress vs. transverse stress graph. Also, the properties of the material must be known in order to compute the angles of the oblique tabs. In the present work, properties determined in another study on another batch of material have been used. Fortunately, this difference induced only very slight changes in the tab angle.

It is worth noticing that this difference is maximal for 60 specimens which exhibit a high failure stress compared to the other angles. However, as pointed out by Taniguchi et al. [START_REF] Taniguchi | Tensile strength of unidirectional cfrp laminate under high strain rate[END_REF] the shear modulus increases with the strain rate so the tab angles should be adapted. Thus, maybe the tab angles are not suitable for the highest tested strain-rates. Additionally, these tabs are designed to homogenize the stress field, but the angle computation is based on a linear elastic assumption, which is not valid up to the failure of the specimen. The combination of all of these elements may be the cause of the differences in the axial failure stress and location observed.

In the present study, visco-elastic FE simulations have been used to take into account the end constraint effect in the determination of the failure stress state. However, taking the experimental end constraint into account accurately in FE simulation is complicated. Especially in these tests, the area near the tab is hidden by the clamping device so DIC measurement cannot be used. In the present work, these end constraints have been idealized. In addition, the axial strain fields recorded using DIC are quite different from those predicted by the FE simulations. For instance, localized shear bands are visible in the experimental axial strain fields. The cause of these bands is not clear (material inhomogeneities, free edge effects, rich resin areas, etc.), but the final failure occurs in these bands. Other methods, such as the virtual field method for strength identification [START_REF] Fletcher | An image-based inertial impact (ibii) test for tungsten carbide cermets[END_REF], which free the identification from the necessity of modelling the end-constraint, or the data-driven framework [START_REF] Leygue | Data-based derivation of material response[END_REF], which does not rely on a constitutive equation to determine the stress distribution, might be interesting to process these test data into material stress-strain states.

CONCLUSIONS

In the present study off-axis and transverse tests have been performed on T700/M21 CFRP material. The chosen specimens have a very low aspect ratio of 2.66 in order to maximize the achievable strain-rate while maintaining a reasonable 15 mm specimen width to limit possible free edge effects.

It has been shown that FE simulations using a spectral visco-elastic model permit the axial stress-strain curves to be described at all tested strain-rates. It was first identified on quasi-static results to model the non-linearity of the stress-strain response. In particular, in the 15 off-axis test the apparent modulus is not in agreement with that predicted by the transformation law. This difference is correctly predicted by the visco-elastic model. Thus, it was calibrated using all tests, with a fairly good agreement. Using this model, corrections of the stress field were computed to take into account the effect of the end constraint. The effect of the correction is maximal for the 15 off-axis test, and it decreases while the off-axis angle increases becoming negligible for the 75 and 90 tests.

An important conclusion of this work is that for low aspect ratio off-axis specimens the local failure stress cannot be directly obtained from the global experimental data. The present work propose a methodology using correction factors that can be used to accurately evaluate the local stress applied to the material in this case.

The proposed methodology is then considered in order to study the loading rate influence on the observed failure stress. Globally, an increase in the axial failure stress with the strain rate was observed for all specimen orientations. It is greater for 15 specimens and decreases with the specimen angle. Thus, it can be concluded that the rate effect is more pronounced for the shear strength than for the transverse strength. Further work will focus on the modeling of the dependency of the failure criterion on the strain-rate.

FIGURE 1

 1 FIGURE 1Schematics of oblique tabs off-axis specimens.

FIGURE 3

 3 FIGURE 3Oblique tab off-axis tension specimen geometry for high strain rate tests.

FIGURE 4

 4 FIGURE 4 Experimental setup used to perform the high loading rate tests and schematics of the gauge and DIC measurement areas.

FIGURE 5

 5 FIGURE 5 (a) Comparison of the strain measurement performed with the strain gauge on one side and using DIC on the opposite side of a 15 off-axis specimen -(b) Axial stress-strain curves for a typical specimen for all tested off-axis angles at a 5 mm/min loading rate.
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FIGURE 6

 6 FIGURE 6 Comparison of experimental and FE simulated axial stress-strain curves with the visco-elastic model -(a) 15 off-axis test -(b) 30 off-axis test -(c) 45 off-axis test -(d) 60 off-axis test -(e) 75 off-axis test -(f) 90 test.

3 •FIGURE 7 FIGURE 8

 378 FIGURE 7 Axial stress field (top) and axial strain field (bottom) predicted by FE simulation of a 15 off-axis specimen taking into account visco-elasticity. The red line represents the failure section at the center of the specimen along the fiber angle. The color bar legends are expressed as a multiple of the center axial stress and strain, whose values are = 320 MPa and = 1.19⋅10 -2 .

FIGURE 9 FIGURE 10

 910 FIGURE 9Failure stress assuming a homogeneous stress state, corrected using FE simulation for 5 mm/min tests.

FIGURE 11 1 •

 111 FIGURE 11 Typical axial strain fields recorded using DIC prior to the failure of the specimen -(a) 15 off-axis test -(b) 30 off-axis test -(c) 45 off-axis test -(d) 60 off-axis test -(e) 75 off-axis test -(f) 90 test. The red line indicates the failure location. The strain fields correspond to axial strain levels measured by strain gauges of 15 = 0.0159, 30 = 0.0131, 45 = 0.0113, 60 = 0.0113, 75 = 0.0067 and 90 = 0.0079.

FIGURE 12

 12 FIGURE 12 (a) Effect of the Butterworth filter on the load signal -(b) Fast Fourier Transform of the signals for a 1 m/s 15

1 FIGURE 13

 113 FIGURE 13 Typical stress-strain curves recorded in off-axis tension tests at several stroke rates -(a) 15 off-axis test -(b) 30

TABLE 7 FIGURE 14

 714 FIGURE 14 Comparison of experimental and FE simulated axial stress-strain curves with the visco-elastic model for all tested

1 FIGURE 15 FIGURE 16

 11516 FIGURE 15 T700/M21 tensile strength -(a) uncorrected as a function of the specimen angle -(b) corrected using the FE

TABLE 1

 1 Correspondence between the off-axis angle and the oblique tab angle for T700/M21.

	15	30	45	60	75
	23.5	37	56	74	85

TABLE 2

 2 Longitudinal and transverse loads for 1% of longitudinal strain computed using the Z-Set software for straight and oblique tab specimens.

		∕		15	30	45	60	75
		10	/	2.56%	6.33%	3.25%	1.35%	0.38%
	Straight tabs	2.66	/	16.46% 19.08% 11.01% 4.46%	1.19%
	Oblique tabs	10 2.66	/ /	-0.07% -0.62% -0.83% -1.04% -0.07% -2.23% -1.89% -0.61% 0.18% 0.09%

TABLE 3

 3 Main mechanical properties of the unidirectional composite.

		(GPa) (GPa)		(GPa)
	from [1]	136	8.08	0.31	4.5
	This study 124.8	7.21	-	4.22

TABLE 4

 4 Comparison between off-axis apparent rigidities computed from the transformation law and those obtained experimentally.

	Off-axis angle	15	30	45	60	75
		(GPa) (GPa) (GPa) (GPa) (GPa)
	Transformation law 45.31 17.67 10.57	8.20	7.39
	Experimental	37.94 17.48 10.26	8.46	7.04
	Difference	16%	1%	3%	3%	4.5%

TABLE 6

 6 Numerical values of the correction factors for quasi-static tests performed at a loading rate of 5 mm/min for all specimen orientations.

	15	30	45	60	75
	1.072	0.974	0.992	0.999	

  Table 7 summarizes the numerical values identified in the same way as in Section 4.1.2; i.e., by FE model updating. Figure14compares the FE simulations with the experimental results. Since almost no dependencies are observed in the 75 and 90 tests (which compares well with the simulations), the comparison focuses on 15 , 30 , 45 and 60 specimens. The agreement between the " ∕ 0 " FE axial stress and the experimental one is quite reasonable. The increase
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