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Resumé

Resumé étendu:

Contexte de la thèse : Les matériaux composites jouent un rôle de plus en plus important dans le monde technologique actuel et remplacent ainsi progressivement les métaux dans les applications structurelles. L'objectif principal de l'introduction de matériaux composites dans les structures est d'améliorer le rapport résistance / masse en plus d'autres avantages tels que la flexibilité de la conception, la réduction du nombre de pièces, la résistance à la corrosion, la résistance à la fatigue et aux chocs. En outre, le matériau composite peut être personnalisé en fonction des directions de chargement prévues. La fabrication de stratifiés à base de matériaux composites unidirectionnels (UD) pré-imprégnés présente des difficultés et présente un coût plus élevé. Pour remédier à ce problème, des tissus secs textiles présentant un coût inférieur et une cadence de production plus élevée ont été développés. De plus, ces tissus secs ne nécessitent pas de conditions de stockage contrôlées. Pour réduire les temps de développement, des modèles numériques efficaces doivent être utilisés lors de la phase de développement du produit pour accélérer le développement tout en réduisant le nombre d'essais de qualification. À cette fin, de nouveaux modèles doivent être développés, qui devront s'appuyer sur un nombre moins important d'essais d'identification et plus faciles à réaliser. De même, il est nécessaire de développer de nouveaux essais afin d'obtenir des états de contraintes multiaxiales proches de ceux observés en service sur des structures complexes.

Motivation de la thèse

La modélisation des endommagements dans les matériaux composites à matrice polymère renforcés de fibres (FRP) est une tâche complexe qui tient compte de la nature hétérogène des matériaux composites conduisant à une anisotropie de ces derniers ainsi que de la nature multi-échelle de l'initiation et de 

Objectifs de la thèse

L'objectif général de la thèse est de développer un modèle de comportement pour prédire les performances des composites tissés à matrice polymère sous chargement multixial. Les objectifs du travail de recherche sont énumérés comme suit:

1. Développement d'un modèle de comportement efficace et simple (c'est-à-dire non multi-échelle) permettant de prédire le comportement non linéaire du composite tissé soumis à un état de contrainte multiaxiale en tenant compte de la dégradation des propriétés due aux endommagements.

2. Mise en place d'une méthode d'identification du modèle prenant en compte les courbes maîtresses d'accumulation des endommagements et de la déformation plastique équivalente en lien avec les variables de couplage dérivées des essais de chargement-déchargement. • La rotation des fibres doit être prise en compte afin de pouvoir utiliser le modèle dans le cas des grandes déformations.

• Les effets dépendant du temps (vitesse de déformation, viscoélasticité) doivent être pris en compte dans le modèle pour étudier le cas de sollicitations plus rapides.

Essais multiaxiaux

• Les résultats obtenus avec le dispositif Arcan doivent être étudiés en profondeur pour proposer des règles permettant d'obtenir l'enveloppe de rupture sous chargement multiaxial.

• Des techniques de détection de la rotation des fibres et des techniques de surveillance in situ des endommagements devraient être développées et intégrées.

• Une analyse approfondie de l'applicabilité des normes existantes et la mise au point de nouvelles méthodes d'essais multiaxiaux des composites textiles devra être réalisée en outre pour les étendre à la fatigue multiaxiale.

T oday's major drive for the use of textile reinforced composites in industries is not only the light weighting but also high mechanical performance much higher specific modulus and strength such as Carbon Fibre Reinforced Polymer (CFRP) compared to other materials. Over the years, advanced textile composites such as woven, braided, knitted and stitched fabrics are increasingly being used as structural materials in industrial applications of different areas as aeronautical, automotive industry, wind energy and construction engineering thanks to their advantages of less sensitive of delamination compared to uni-direction laminates under quasi-static or fatigue loads.

2D woven fabric is the first technology of composite structural reinforcement that adopted in fabricating Fibre Reinforced Polymers (FRPs). The 2D woven composite is still the most popular and widest used in FRPs thanks to the mature technology as weaving. Woven fabrics are produced by the interlacing of warp fibres and weft fibres in a regular pattern or weave style. The fabric's integrity is maintained by the mechanical interlocking of the fibres. Drape, surface smoothness and stability of a fabric are controlled primarily by the weave style. At the same time, technical weavers continues to improve 2D technologies to increase loom speed and spreading heavier and cheaper tows to produce woven fabrics. Recently, new technology like Non-Crimp Fibre (NCF) and fibre placement are challenging the 2D woven fabric, but woven composite is still the mainstream in many applications.

Motivations

The prediction of composite materials behaviour is still a challenging task for FRPs involved with highly non-linear mechanical response resulting from anisotropic and inhomogeneous materials with damage and plasticity evolution. When woven composite and multi-axial loads are considered, the prediction of their mechanical behaviour would be much more difficult. To successfully characterize the mechanical response of woven composite is particularly important in the case of the development of new materials with different components properties and woven architectures etc., and the study of multi-axial behaviour. Numerical studies can be performed to simulate the experiments by implement new constitutive law with generated realistic models exported with CAD software, in which the undulation of yarns and real woven architecture can be considered. Too much details will inflate computational costs excessively. Especially in industrial application, prediction models proposed should satisfy the requirement of accuracy and at the same time with requirements for safety, efficiency and cost reduction. Therefore, it is necessary to develop a prominent and efficient constitutive model which takes into account most micromechanical influences in woven composites.

On the other hand, many efforts on developing and improving experimental testing rigs have been made to characterize the mechanical properties of FRPs, but rare standard tests can be referred to perform mechanical tests on woven composite, especially for multi-axial loading test considering combined tensile(compressive)-shear loadings.

Objectives

Following are the main objectives of this thesis to develop a coupled damage plastic model for predicting the mechanical behaviour of woven composite under multi-axial stress states:

• the development of a efficient and simplified constitutive model to predict the non-linear of woven composite under multi-axial stress state with considering the degradation of properties due to damage.

• model identification method accounting for damage accumulation and plasticity master curves with coupling parameters derived from loading-unloading tests.

• developing a novel and robust fixture to provide solid and reliable experimental data under multiaxial loading conditions.

• model implementation and validation with various testing methods under multiaxial stress state including quasi-static and loading-unloading tests.

Outline

This work is comprised of five chapters to solve these problems and provide a framework of this study that facilitates readers to corresponding work:

In Over the years, advanced textile composites such as woven, braided, knitted and stitched fabrics are increasingly being used as structural materials in industrial applications of different areas as aeronautical, automotive industry, wind energy and construction engineering thanks to their advantages of less sensitive of delamination compared to uni-direction laminates under quasi-static or fatigue loads. 4, 5 Today's major drive for the use of textile reinforced composites in industries is not only the light weighting but also high mechanical performance. Among various textile reinforced composites, woven composites with glass, carbon, aramid reinforcements are currently the most widely used thanks to their excellent properties making woven composites attractive than non woven counterparts. 2D woven composites are easy to fabricate with a relatively simple braiding machine and to use due to the drapability which conform complex shape required. Besides, the supply price of carbon fibre and 2D woven fabrics has been decreased in recent years thanks to low manufacturing cost, boosting their consumption in industrial applications.

The 2D woven carbon composites used in a variety of aircraft parts, such as fuselage clips, pylon panels, rudder, elevator and horizontal stabilizer, has been studied experimentally and numerically 1 (Figure 1.1-a). For automotive structural applications, the most important approach in lightweight activities is considering material-based lightweight construction. Furthermore, high resistance to impact damage compared to non woven counterparts and significant improvements in compressive strength after impact make woven composites the ideal crash-worthiness parts as front crash box • The main advantages of FRPs are given as follow :

Durable; Superior thermal stability; Light weight; Chemical resistance; Corrosion resistance; Fatigue insensitive.

• Excellent mechanical properties of woven composites

Figure 1.2 shows that composites especially Carbon Fibre Reinforced Polymer (CFRP) has much higher specific modulus and strength compared to most materials. The mechanical properties of woven fabrics reinforced composites are highly depends on the fibre type, weaving parameters, stacking sequence. In-plane mechanical properties of woven composites are weaker than equivalent Unidirectional (UD) laminates or Non-Crimp Fibre (NCF) reinforced composites due to the undulation of yarns and the patterns of 2D woven fabrics such as plain weave, twill weave and satin weave etc. 8-10 A slightly decreasing modulus from different woven fabric patterns to non-woven cross-ply was reported as well as the tensile strength. On the other side, high resistance to impact damage and 30 % of improvement in 1. Background and Motivation compressive strength after impact event was reported for woven composites. 8

2D woven composites

Woven composites can be used to reduce manufacturing costs without significant loss of high performance to components of machines and structures in different sectors.

The excellent drapability, reduced manufacturing steps and cost, good intra-lamina crack resistance under static and impact loading of woven composites made them an increasing engineering interest recent decades. However, their relative lower strength due to the crimp produced by weaving of fabrics is a disadvantage. It is necessary to establish theories and methods to assess their strength under various loading conditions. 1.2 Non-Linearities and Failure Mechanism Similarly, a woven-ply laminate with four-harness satin woven fabric present highly non-linear shear behaviour was studied (Figure 1.4). Woven composite materials sometimes show a non-linear response even on on-axis along fibre direction due to the wavy architecture. The non-linearities can be explained by :

• Damage accumulation such as micro-cracking in fibres and matrix and yarn/matrix interface debonding

• Visco-elastic behaviour of matrix

• Architecture induced geometry non-linearity 

Damage accumulation under shear stress

Experiments using infrared thermography have been conducted to investigate damage accumulation resulting from micro-cracking in fibres and matrix under shear stress state with different mechanical testing methods. Two main crack modes observed in woven composite, transverse cracks and fibre cracks, were illustrated. 15

Transverse cracks

Transverse cracks were observed in the warp and weft yarns. The local shear is the main cause of the presence of fragments observed inside these cracks.

Fibre cracks

Figure 1.5 shows multiple fibre cracks in the same fibre were observed under Scanning Electron Microscope (SEM) observation. It is not surprising to observe fibre cracks with the shear strain reached 9 % corresponding to tensile strain 3 % (the ultimate tensile strain is 2.2 %).

The influence of testing method

The shear stress-strain curves obtained from [±45 • ] tensile test and rail shear test are depicted in Figure 1.5. The non-linear stress-strain curves are similar. However, These two different types of tests show different damage scenarios. The SEM shows that 

Damage accumulation under tensile stress

Under tensile stress state, the damage in woven composites is due to transverse crack occurrence.

Transverse cracks

• Transverse cracks in off-axis yarn

Damage initiates with micro-cracking in off-axis yarn under tensile loading. As shown in Figure 1.6, many experiments focus on investigating biaxial fabrics loaded in warp direction. The cracks develop in weft bundle and experience an increasing of crack density with increasing of loading. [START_REF] Daggumati | Local damage in a 5-harness satin weave composite under static tension: Part I -Experimental analysis[END_REF][START_REF] Gao | Damage accumulation in wovenfabric CFRP laminates under tensile loading: Part 1. Observations of damage accumulation[END_REF][START_REF] Lisle | Damage analysis and fracture toughness evaluation in a thin woven composite laminate under static tension using infrared thermography[END_REF][START_REF] Vallons | Assessment of the mechanical behaviour of glass fibre composites with a tough polydicyclopentadiene (PDCPD) matrix[END_REF] This is similar to 90 • ply damage accumulation in a cross-ply laminate. Then the accumulated micro-cracking leads to matrix cracks, yarn/matrix debonding in the region of crimps and a gradual decrease in stiffness of the composite. The microscopic analysis of carbon/PPS laminate under tensile load shows that the damage initiation in different plies (see Figure 1.6-b,c). Because the constraints implied by the neighbouring layers on the inner plies, cracks initiates in the inner layers and then in the weft yarns located on the surface. 16

• Transverse cracks in ply position

Damage resistance

Several parameters have an influence on the damage resistance like :

• The effect of thickness

The laminate thickness is found to be an important parameter in determining the effect of matrix cracking and delaminations on the mechanical properties. [START_REF] Gao | Damage accumulation in wovenfabric CFRP laminates under tensile loading: Part 1. Observations of damage accumulation[END_REF][START_REF] Gao | Damage accumulation in woven-fabric CFRP laminates under tensile loading: 2. Modelling the effect of damage on macro-mechanical properties[END_REF] For a 8-harness satin woven composite, the damage development with two-, fourand six-layer carbon-fibre-reinforced polyimide has been investigated. Damage accumulation recorded as a function of applied strain shows that reduction of
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mechanical properties is greater in laminate consisting of less layers.

• The type of matrix

The experimental studies presented in Figure 1.6-d shows that the damage resistance has been enhanced thanks to the tough behaviour of the polydicyclopentadiene (PDCPD) matrix, which is a relatively young thermoset resin with high toughness and promising for use in composite materials. The tensile tests indicated no significant difference in tensile strength, but the damage before failure was found to be much more severe in the epoxy samples. 19

Characterization of Woven Composites

In this section a brief review modelling of the mechanical behaviour of the woven composites is given. Two approaches are considered : the models based on the Classical Laminate Theory (CLT) and the micro-mechanics approaches.

Classical Laminate Theory based models

Three types of models are presented in for analysis of fabrics composites, which are substantial reliance on laminated plate theory: [START_REF] Raju | A Review of Analytical Methods for Fabric and Textile Composites[END_REF][START_REF] Chou | Microstructural design of fiber composites. Cambridge solid state science series[END_REF] Mosaic Models (MM), the Fibre Undulation Models (FUM) and the Bridging Models (BM). In these models, CLT are assumed to be valid for every infinitesimal element. A range of properties of woven fabric reinforced composite materials can be predicted with such closed-form models based on CLT. • Fibre undulation models consider the fibre cross-overs. FUM is suitable for the fabric composites with low loom number such as plain woven composite, in which the area of interlaced regions are comparable for the one of non-interlaced.

The fibre undulation can be described analytically as a sine function.

• Bridging models are suitable for fabrics with separated interlacing patterns. This type of models is only valid for satin weaves with loom number larger than three.

The shear-lag theory was implement into mosaic model for woven composites by developing an equivalent cross-ply laminate to ensure cracking morphologies observed. [START_REF] Marsden | Damage accumulation in a woven fabric composite[END_REF] The laminate behaviour has been modelled by a shear-lag analysis which takes into account delamination at the crimp regions in the laminate where appropriate. [START_REF] Gao | Damage accumulation in woven-fabric CFRP laminates under tensile loading: 2. Modelling the effect of damage on macro-mechanical properties[END_REF] A finite element method and a modified shear-lag method have been developed to evaluate the stress distribution in the yarn with transverse cracks. The composite stiffness reduction due to transverse cracking has been obtained by both the finite element and shear-lag methods. 24

Micromechanics approaches

Micromechanics based models for FRP composites include Voigt and Reuss models, Hashin-Shtrikman model, Mori-Tanaka model, Self-consistent model and Differential scheme based models. Raju et al. [START_REF] Raju | A review of micromechanics based models for effective elastic properties of reinforced polymer matrix composites[END_REF] reviewed micromechanics based theoretical models for effective elastic properties of reinforced polymer matrix composites and carried out the comparison among results obtained from all theoretical models, Finite Element Method (FEM) and experiments. Results show that non-dilute self-consistent model and the revised Mori-Tanaka model obtained closest predicted values.

For highly complex damage situations, finite element method can be used to analyse cracks inside laminates, which is regarded as a numerical experiment approach. The geometrical models of woven fabrics are presented by Repeat Unit Cell (RUC) in mesoscale and proceeds to micromechanics of woven composites. Special attention needs to be paid to geometrical consistency of the FE models. [START_REF] Ivanov | 2 -Modelling the structure and behaviour of 2d and 3d woven composites used in aerospace applications[END_REF] Examples of this method are reported in references. [START_REF] Kuo | Elastic Response and Effect of Transverse Cracking in Woven Fabric Brittle Matrix Composites[END_REF][START_REF] Feng | Influence of Damage on Mechanical Properties of Woven Composites at Low Temperatures[END_REF][START_REF] Daggumati | Local strain in a 5-harness satin weave composite under static tension: Part I -Experimental analysis[END_REF][START_REF] Xu | Meso-Scale Finite Element Fatigue Modelling of Textile Composite Materials[END_REF] Virtual Crack Closure Technique (VCCT) based on simple equations, the strong discontinuity approach (cohesive element approach) and the weak discontinuity approach (extended finite element approach) are widely used in Finite Element Analysis (FEA) accounting for delamination and fibre/matrix decohesion. [START_REF] Camanho | Numerical Simulation of Delamination Growth in Composite Materials[END_REF][START_REF] Krueger | Virtual crack closure technique: History, approach, and applications[END_REF] The last decades have been shown a significant interest in mechanics of materials through length scale leading
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to a high progress in multi-scale mechanics. [START_REF] Vasiukov | Damage modeling of fibre reinforced polymer composite materials under cyclic loadings by a simplified approach[END_REF] Figure 1.8 shows simulated contour of strain field ε xx at damage initiation in the unit cell with 3D periodic boundary conditions (PBC) applied. The strain concentrations was investigated and compared to the observation. [START_REF] Van Paepegem | Fatigue testing and online inspection of carbon textile composites for aeronautical applications[END_REF] An essential step towards more complicated damage modelling inside the unit cell is assigning every material phase to different domains and considering the interface behaviour with full control over the mesh size and mesh quality in the matrix and yarns. 

Damage Prediction in Woven Composites

It remains a challenge to predict final failure in woven composite structure because of the complex failure mechanism due to the woven architecture. The micro-cracking introduced in matrix under severe conditions affects the performance of composite structure. It is important to understand and predict the failure properly.

Macroscopic energy based failure criteria

Compared to micro and meso scale studies, the macroscopic method is more practical because it is not as complex as in micro and meso analysis of damage mechanism in details. Micro failure is not described independently in many popular macro scale failure criteria. The failure criteria are mathematical expressions by comparing actual stresses with ultimate stresses. The material rupture appears when these criteria are exceeded. Many failure criteria developed for composites was reported in World Wide Failure Exercise (WWFE). [START_REF] Hinton | Failure Criteria in Fibre Reinforced Polymer Composites: The World-Wide Failure Exercise[END_REF] The most well-known energy (tensorial) criteria is the Tsai Wu or Tsai Hill criterion [START_REF] Tsai | A General Theory of Strength for Anisotropic Materials[END_REF] based on von Mises type plasticity criteria, providing a response surface for damage in stress or strain space (see Figure 1.9). Equation (1.1) shows a single relationship to represent all the failure modes collectively.

F i σ i + F ij σ i σ j ≤ 1 (1.1)
The drawback with energy criteria is that it is not able to distinguish between individual failure modes. The degradation mechanism of composites is not considered after the first failure. 

Phenomenological criteria

In phenomenological criteria, the induced each failure modes are identified and material stiffness can be decreased gradually. These models present a precise degradation mechanism. As the value of each criterion for each failure mode need to be determined, this kind criteria is more complex than energy based ones. One oldest and most widely used models for UD composite materials are proposed by Hashin. [START_REF] Hashin | Failure Criteria for Unidirectional Fiber Composites[END_REF] The assumed failure in the longitudinal and transverse direction corresponding to fibre and matrix is no more suitable, and a quadratic failure criteria derived was derived. However, the wefts and warps are spread in both longitudinal and transverse direction in woven fabric composites. The action plane-based failure criterion with the concept of a critical plane and a Coulomb's friction type model was introduced by Puck [START_REF] Puck | Failure analysis of FRP laminates by means of physically based phenomenological models[END_REF] . LaRC03 (A new set of six phenomenological failure criteria for fibre-reinforced polymer laminates) proposed in ref [START_REF] Davila | Failure Criteria for FRP Laminates[END_REF] is a more complete version of Puck's criterion. Many research works are based on Puck's theory. Puck failure criterion was adopted to evaluate the initial failure (crack initiation in the fibre and/or matrix) accompany with progressive failure (crack growth in the fibre and/or matrix) by using fibre-and matrix-dependent damage variables. [START_REF] Ud Din | Elastoplastic CDM model based on Puck's theory for the prediction of mechanical behavior of Fiber Reinforced Polymer (FRP) composites[END_REF][START_REF] Lee | Initial and progressive failure analyses for composite laminates using Puck failure criterion and damage-coupled finite element method[END_REF] Puck's criterion has been verified for a general three-dimensional load case, [START_REF] Deuschle | 3D failure analysis of UD fibre reinforced composites : Puck's theory within FEA[END_REF] and prediction of failure and post-failure behaviour were studied by implementing into FEA for the three-dimensional case of UD FRP and extended to 2D woven composite by considering the yarn as a UD.

Several failure modes dependent criteria concerning with woven composites are available.

Yang [START_REF] Yang | Damage-based failure theory and its application to 2d-C/SiC composites[END_REF] formulated a new kind of damage-based failure criteria for damage coupling analysis under plane stress state, including maximum damage criterion and quadratic damage criterion. The proposed failure theory was applied to predict the coupled damage behaviour and the off-axis strength of a 2D C/SiC composite. Koch 43 derived from a fracture mode-related modelling approach based on the fracture mode concept (FMC) of Cuntze [START_REF] Cuntze | Comparison between experimental and theoretical results using Cuntze's "failure mode concept" model for composites under triaxial loadings-Part B of the second world-wide failure exercise[END_REF] accounting for mesoscopic stress state resulted from macroscopic loads. Tension/compression combined with torque static and cyclic loading were performed with tubular specimen of 3D glass fibre-reinforced epoxy (GF-MLG/EP). A meso-FE model for textile composite materials was established: 29 one for fibre rupture and three for inter-fibre matrix cracking were considered. The impregnated yarn was taken as homogeneous and transverse isotropic material. The damage modes are determined by using the Tsai-Wu criteria and additional criteria proposed by Zako, 45 in which the Murakami damage tensor is used to calculate the post-damage stiffness matrix. The mathematical descriptions of the failure modes are presented in Figure 1.11, which are applicable for the simulation of woven fabric reinforced composites. The stress state in composite is reorganised when the degradation of mechanical properties appears along with stiffness losses resulted from the first failure. Phenomenological criteria can capture these degradations successfully with various failure modes.

Plasticity based approaches for FRCs

The non-linear behaviour of Fibre Reinforced Polymer (FRP) is due to plasticity of matrix, diffuse damage like micro-cracking and geometric non-linearity. In plasticity based method, the cumulative non-linear behaviour is represented by not only strictly physically 'plastic behaviour' but due to plasticity, micro-cracking and geometric nonlinearity. The non-linear behaviour of the composite is equivalently modelled as a plastic material behaviour, regardless of the reason of non-linearity. Two modelling strategies are adopted. When an associated flow rule is considered, the plastic strain tensor is assumed to be normal to the yield surface, and the assumption of co-directionality is called the normality condition. Whereas in a non-associative model the plastic strain tensor is assumed to be normal to a potential function in general. [START_REF] De Souza Neto | Computational Methods for Plasticity[END_REF][START_REF] Dunne | Introduction to computational plasticity[END_REF] Figure 1.12: Constitutive model based on non-associative plasticity. [START_REF] Laux | A simple nonlinear constitutive model based on non-associative plasticity for UD composites: development and calibration using a Modified Arcan Fixture[END_REF] Most of the simple plasticity models have adopted associative flow rules. Yokozeki et al. [START_REF] Yokozeki | Simple constitutive model for nonlinear response of fiber-reinforced composites with loading-directional dependence[END_REF] extended the Sun and Chen's one-parameter plasticity model [START_REF] Sun | A Simple Flow Rule for Characterizing Nonlinear Behavior of Fiber Composites -C[END_REF] and established a simple two-parameter constitutive model for characterizing non-linear mechanical behaviour of fibre-reinforced composites by including a Drucker-Prager type linear dependency of the hydrostatic pressure in the yield function. Off-axis specimens of UD carbon/epoxy composites were tested in compression and tension.

Furthermore, non-associative flow rules are more complex. Vyas 51 developed an elasto-plastic constitutive model with a novel yield function suitable for UD laminate to accurately represent the non-linear mechanical response considering the effect of hydrostatic pressure, in which a non-associative flow rule is used. The model is able to predict the non-linear response of UD laminate under multi-axial loading. [START_REF] Vyas | Constitutive modelling of fibre-reinforced composites with unidirectional plies using a plasticity-based approach[END_REF] To model the non-linear behaviour caused by the slippage of the dislocations along the slip planes which induces irreversible deformation in FRPs, a simple non-linear constitutive model based on non-associative plasticity was developed to illustrate for UD laminate under biaxial loading, [START_REF] Laux | A simple nonlinear constitutive model based on non-associative plasticity for UD composites: development and calibration using a Modified Arcan Fixture[END_REF] in which non-physical positive plastic transverse strains are eliminated for a pure shear stress state (see Figure 1.12). However, these plasticity approaches without considering damage cannot fully illustrate the failure mechanism
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in woven composite in experimental observation.

Limitation of the plasticity approach for woven composites:

• Non-linear behaviour in the early stage under on-axis tensile loading due to architecture of woven fabrics in composites is ignored;

• The influence on the unloading behaviour of these materials. The loadingunloading response of damaged woven composites with degradation of stiffness can not be explained;

• Crack saturation leads to a linear behaviour until yarn breakage, which cannot be modelled by the plasticity approach;

• The coupling stress effect in one yarn direction upon the failure in the other yarn direction cannot be considered.

Therefore, the plasticity method may not be fully applicable to simulate the behaviour of woven composites under real-life loadings.

Continuum Damage Mechanics (CDM)

Many modes of damage can be observed in composite materials, including matrix cracks, fibre breakage, fibre-matrix de-bonding, and so on. [START_REF] Barbero | Finite Element Analysis of Composite Materials using Abaqus TM[END_REF] Much work has been done trying to quantify each of these damage modes, their evolution with respect to load, strain, time, number of cycles, etc., and their effect on stiffness, remaining life and so on. In Continuum Damage Mechanics (CDM) theory, the assumption is made so that the macro-scale material constitutive relationship involving elasticity and damage can be used to describe the overall material behaviour as a statically homogeneous continuum material. Therefore, the main idea of CDM is to homogenize the damage material in terms of continuum damage variables. It is suitable for the application of CDM in damaged composites because uniform micro-cracks are spread throughout the material evenly. Furthermore, micro damage mechanics and fracture mechanics are no more practical for studying the overall material behaviour as it is unacceptable time-consuming to analyse every individual crack for engineering applications. When adopting the CDM approach, the overall damage effect due to numerous cracks is represented by a homogeneous damage field, introducing irreversible changes into the constitutive behaviour. Figure 1.13 shows one-dimensional CDM scheme. Talreja [START_REF] Talreja | A Continuum Mechanics Characterization of Damage in Composite Materials[END_REF] was one of the earliest to apply CDM to composites, and developed the theory for cross-ply laminate in terms of damage evolution under static and fatigue loadings. [START_REF] Talreja | Damage and fatigue in composites -A personal account[END_REF] A well-known CDM theory was developed in France for FRP by Ladevèze. [START_REF] Ladeveze | Damage modelling of the elementary ply for laminated composites[END_REF][START_REF] Ladevèze | A mesomodel for localisation and damage computation in laminates[END_REF][START_REF] Ladevèze | On a damage mesomodel for laminates[END_REF] Based on solid foundations of physics and thermodynamics, the phenomena involved can be explained within this approach. The mesomodels have made it possible to introduce couplings between internal variables in the growth of damage.

Coupled plasticity-damage model

The plasticity model is used to describe the irreversible plastic deformation remains upon complete unloading, and the damage model represents the degradation of elastic modulus in loading-unloading. In literature variety of models can be found. Initial one of the first developments applied FRP composites are Ladevèze and Dantec 56 and Matzenmiller et al. [START_REF] Matzenmiller | A constitutive model for anisotropic damage in fiber-composites[END_REF] Both of them considered plasticity coupled with damage mechanisms. Damage evolution was assumed as a linear function of square root of equivalent damage energy release rate and a meso-mechanical coupled plasticity-damage model for single-ply laminate
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with internal state variables was proposed. [START_REF] Ladeveze | Damage modelling of the elementary ply for laminated composites[END_REF] This model was integrated with damage mechanics associated with the material stiffness reduction and plasticity, leading to a laminate failure criterion. These damage variables evolving according to an exponential law function and a power law function were also proposed by Ladevèze et al. [START_REF] Ladevèze | A mesomodel for localisation and damage computation in laminates[END_REF][START_REF] Ladevèze | On a damage mesomodel for laminates[END_REF] Main objective is to represent properly micro-damage at the meso-level. Efficiency of this type of models have been proved by wide range of applications. Puck's failure theory has been integrated in a Elastoplastic CDM model to indicate an the intra-laminar meso-damage initiation. [START_REF] Ud Din | Elastoplastic CDM model based on Puck's theory for the prediction of mechanical behavior of Fiber Reinforced Polymer (FRP) composites[END_REF] A three-dimensional constitutive model in which anisotropic viscoelasticity-viscoplasticity is coupled with anisotropic CDM was developed to modelling FRPs in meso-scale. [START_REF] Vasiukov | Non-linear material modeling of fiber-reinforced polymers based on coupled viscoelasticity-viscoplasticity with anisotropic continuous damage mechanics[END_REF] Based on Ladevèze model, Hochard 

Damage evolution for fabric composites

Damage propagation is a process accompanied with the dissipation evolution. Once damage initiates, a direct stiffness degradation method can be easily implemented in a FE code, but it is purely empirical and lack of generality. The CDM approach progressively degrades material properties by associating the damage evolution. Two major approaches for derivation of damage evolution laws were identified. One with the concept of a damage surface similar to the one of a yield surface in plasticity, the other one based on the derivation of a damage driving force. Strain energy density function of damaged UD composite was used to derive the damage driving force in Ladevèze model. This laws applicable to general loading cases, permitting direct stresses (strains) and shear stresses (strains) to contribute on damage evolution. This approach considered as physically rigorous.

Different types of damage evolution laws were also suggested by researchers. Modified models in terms of changing damage evolution or hardening laws based on the scheme of Ladevèze model were developed to study the mechanical behaviour of fabric composites. In original Ladevèze model, a linear function was fitted to the experimental shear damage master curve of elementary ply for IM6/914 UD composite and isotropic hardening for plasticity with an index function. [START_REF] Ladeveze | Damage modelling of the elementary ply for laminated composites[END_REF] Van Paepegem et al. [START_REF] Van Paepegem | Modelling the nonlinear shear stress-strain response of glass fibre-reinforced composites. Part II: Model development and finite element simulations[END_REF] introduced two state variables to characterize the damage and plasticity evolution laws based on a phenomenological approach for the meso-mechanical model of modelling non-linear shear behaviour of GFRP.

A continuum damage model for predicting the damage initiation and development in three-dimensional (3D) woven composites was proposed to characterize all the failure modes of the fibre yarn and matrix. [START_REF] Zhong | A continuum damage model for three-dimensional woven composites and finite element implementation[END_REF] Hochard et al. [START_REF] Hochard | A progressive first ply failure model for woven ply CFRP laminates under static and fatigue loads[END_REF][START_REF] Hochard | Modelling of the mechanical behaviour of woven-fabric CFRP laminates up to failure[END_REF] adopted a linear for a four harness satin composite with balanced in weft and warp and exponential function for the plasticity, whilst based on statistical considerations, a classical exponential law for damage and a linear hardening laws were used to study the unbalanced woven ply laminate [START_REF] Hochard | A generalized damage model for woven ply laminates under static and fatigue loading conditions[END_REF] under static and fatigue loading conditions. Johnson et al. [START_REF] Johnson | Computational methods for predicting impact damage in composite structures[END_REF][START_REF] Johnson | Modelling fabric reinforced composites under impact loads[END_REF] developed a new set of parameters to govern the damage evolution laws to study the impact performance of fabric reinforced composites. The damage in longitudinal and transverse directions was assumed to be similar and the shear damage evolves as a linear logarithmic function independent with others. Pickett et al. [START_REF] Pickett | Material characterisation and calibration of a meso-mechanical damage model for braid reinforced composites[END_REF][START_REF] Fouinneteau | Shear mechanism modelling of heavy tow braided composites using a meso-mechanical damage model[END_REF] used a rank two polynomial function to capture the shear damage evolution of biaxial braided composites based on the modified Ladevèze model by Johnson.

Experimental Methods for Mechanical Tests

Mechanical properties for fibre reinforced polymers can be determined by standard tests with special cares as suggested by ASTM D6856 71 considered to characterize woven composites by modify the specimen dimensions according to the size of repeat unit cell (RUC). The mechanical properties along and transverse to reinforcement direction has been fully understood. Several standard test rigs (v-notch ASTM D5379, rail shear method ASTM D4255 and ASTM D3518 for laminates with stacking sequence of [±45] ns ) and improved versions [START_REF] De Baere | Design of a modified three-rail shear test for shear fatigue of composites[END_REF][START_REF] Gude | Modified V-notched rail shear test fixture for shear characterisation of textile-reinforced composite materials[END_REF][START_REF] Gan | A novel fixture for determining the tension/compression-shear failure envelope of multidirectional composite laminates[END_REF] are available to identify in-plane shear responses.

However, in applications of multi-axially loaded laminates, intra strain occurs and shear phenomena limit the material performance. Under biaxial loading conditions, the damage often evolves with coupled tension(compression)-tension and tension(compression)shear. The World-Wide Failure Exercise (WWFE-I, II and III) [START_REF] Hinton | Failure Criteria in Fibre Reinforced Polymer Composites: The World-Wide Failure Exercise[END_REF][START_REF] Kaddour | Input data for test cases used in benchmarking triaxial failure theories of composites[END_REF] reported about benchmarking failure criteria in continuous Fibre Reinforced Polymers under twodimensional stresses and also given details of the input data for benchmarking triaxial failure criteria. It revealed that theoretical results should be analysed and validated under multi-axial loadings. Therefore, reliable material property data and multi-axial response should be supplied with a simple and robust device. The damage mechanism is complicate highly depending on mechanical properties of components and specific geometrical parameters of the reinforcements as weave crimp and yarn thickness. [START_REF] Xu | A progressive damage model of textile composites on meso-scale using finite element method: Fatigue damage analysis[END_REF] Generally, the damage occurs early in the matrix within weft and warp yarns, which then propagates to the interface between matrix and yarns. The interface delamination leads to the final failure caused by fibre breakage. 77

Standard guides for FRPs

The numerous standards or guidelines are developed for analysis of the typical static properties of fibre-reinforced polymer composites. The procedures of tensile, compressive, and shear experiments are described in detail in these documents [START_REF] Jenkins | Manual on experimental methods for mechanical testing of composites[END_REF][START_REF]Polymer testing[END_REF] and listed in Table 1.1.

International Organization for Standardization (ISO) and American Society for Testing and Materials (ASTM) are the most well-established organizations producing technical standards for a wide range of materials including composites. Japanese Industrial Standards (JIS) serve as a basis for standardization of composites in Japan. Germany has issued DIN standards for composite materials. France has AFNOR standards and the UK has British ones. A large number of in-plane shear test methods exist to characterize in-plane shear behaviour. Such shear tests as picture frame shear, Iosipescu, rail shear and Arcan tests are gaining their popularity in identifying in-plane shear properties for FRPs. Improvements and modifications in fixture have been made to acquire the highest quality data under static and fatigue loadings. [START_REF] De Baere | Design of a modified three-rail shear test for shear fatigue of composites[END_REF][START_REF] Gude | Modified V-notched rail shear test fixture for shear characterisation of textile-reinforced composite materials[END_REF][START_REF] Adams | The V-Notched Rail Shear Test[END_REF] The challenge with shear testing is that it is difficult to produce a uniform and pure shear stress state in a specimen. Furthermore, producing a more pure and uniform stress state usually requires an expensive and complex fixture or tricky to manufacture specimen.

Shear fixtures and tests

Tensile test on [±45 • ] laminate

It is the most widespread test due to its simplicity of setting-up and analysis. This test was standardized for testing composite materials with polymeric matrix. [START_REF]Standard Test Method for In-Plane Shear Response of Polymer Matrix Composite Materials by Tensile Test of a 45 Laminate[END_REF] However, as the stress state does not correspond to a pure shear test, the damage is thus influenced by the tensile components. Moreover, these tensile components in the fibre direction are increased with the fibre reorientation in the load direction. [START_REF] Lisle | Damage of woven composite under tensile and shear stress using infrared thermography and micrographic cuts[END_REF] The off-axis tests are not included in ASTM standard, and does not produce a uniform shear stress state. The pure shear cannot be achieved. However, it is popular because of the ease of specimen fabrication and there is no need for additional fixture system. Although the specimens are easy to machine, micro-cracks can form along the edges from the machining and cause premature failure.

Iosipescu shear

The applicability of the Iosipescu and off-axis test methods for the shear characterization was investigated. [START_REF] Odegard | Determination of shear strength of unidirectional composite materials with the Iosipescu and 10 off-axis shear tests[END_REF][START_REF] Xavier | A comparison between the Iosipescu and off-axis shear test methods for the characterization of Pinus Pinaster Ait[END_REF] Shear strength of a unidirectional carbon-fibre/epoxy composite obtained by means of the off-axis and Iosipescu specimens subjected to shear were compared. The Iosipescu Shear test was incapable of bringing high strainto-failure specimens to failure. Thus, shear strength values could not be determined for those specimens. Figure 1.17 shows a modified Wyoming Iosipescu shear fixture. Shear test can be conducted under load at the maximum deflection without 'bottoming-out' on the fixture. This effect can be avoid with the modified fixture when the axial travel is too large. The stresses and strains at failure in the 10 off-axis specimen closely match the stresses and strains at the onset of intralaminar damage near the roots of the notches in Iosipescu specimens. The shear strength results obtained from the Iosipescu specimen should be independently verified by using another method.

Rail shear tests

Shear testing began originally with a four-rail shear test, and became a two-rail shear system. The uniformity of stress states in these tests were verified by experimenting on glass and using optical photoelastic analysis. The first modification was developed by Hussain and Adams [START_REF] Johnson | The Wyoming-Modified Two-Rail Shear Test Fixture for Composite Materials[END_REF][START_REF] Hussain | Experimental evaluation of the Wyoming-modified two-rail shear test method for composite materials[END_REF] by removing the drilled holes for the rail shear specimen, and instead gripping the faces by clamping. This eliminated premature failures and made specimen preparation simpler. The V-Notched Rail Shear test method which was approved as ASTM D7078 was introduced by Adams in 2005. [START_REF] Adams | The V-Notched Rail Shear Test[END_REF] The V-Notched Rail Shear (VNRS) test shown in Figure 1.18-a combines the advantages of both the Iosipescu Shear test and the Two-Rail Shear test, and eliminate the main weaknesses of the Iosipescu Shear test (a small specimen gauge section, edge loading which can cause edge crushing failure, and the inability to break high strain-to failure materials) and the main weakness of the Two-Rail Shear test (the stress concentrations where the specimen is bolted in).

Reliable characterization of shear property data can be obtained by a modified VNRS test fixture equipped with guide units, both standardised and modified VNRS fixtures were evaluated in FEM. Three rail shear was described in the standard ASTM D4255/D4255M. A modified version based on friction and geometrical gripping, without the need of drilling holes on specimen was presented in Figure 1.18-b and evaluated with a CF/PPS under fatigue loading conditions. [START_REF] De Baere | Design of a modified three-rail shear test for shear fatigue of composites[END_REF] Lisle et al. [START_REF] Lisle | Damage of woven composite under tensile and shear stress using infrared thermography and micrographic cuts[END_REF] compared two different experiments: a [±45] tensile test and a three rail shear test by using infra-red thermography on woven composite. These two different types of tests show different damage scenarios, even if the shear stress/strain curves are similar. The [±45] tension test shows matrix hardening and matrix cracking whereas the rail shear test shows only matrix hardening (see Figure 1.5).

Test methods with multi-axial loadings

In general, multi-axial testing can be carried out with different rigs and specimens. A biaxial tensile device based on two deformable parallelograms was used to study the mechanical behaviour of woven fabrics. [START_REF] Buet-Gautier | Experimental analysis and modeling of biaxial mechanical behavior of woven composite reinforcements[END_REF] Several specimen configurations (Off-axis, tubular, cruciform and Arcan) have been used to investigate 2D woven composites under multi-axial loading, 10, 74, 77, 87-91 as shown in Figure 1.20 and 1.21.

Adopting Modified Arcan Fixture (MAF) is one of the most inexpensive method to conduct biaxial tension(compression)/shear loading with a planar Arcan specimen, [START_REF] Laux | A simple nonlinear constitutive model based on non-associative plasticity for UD composites: development and calibration using a Modified Arcan Fixture[END_REF][START_REF] Gan | A novel fixture for determining the tension/compression-shear failure envelope of multidirectional composite laminates[END_REF][START_REF] Taher | Determination of mechanical properties of PVC foam using a modified Arcan fixture[END_REF] but rare experimental results for woven composite under tension/shear loading were reported. Off-axis specimen is the most widely used one because no special fixture or sophisticate clamping system was required and the specimen with rectangular geometry adopted as indicated in standard tensile test is simple to fabricate. Internal multi-axiality achieved with off-axis specimens under uniaxial tension/compression loading were experimentally investigated on 2D woven composites. 10 Biaxial tension-tension, tension-compression and compression-compression loading test with cruciform specimens can be found in a wide range of publications on fabrics and FRPs. [START_REF] Shi | Biaxial strength determination of woven fabric composite for airship structural envelope based on novel specimens[END_REF][START_REF] Lamkanfi | Strain distribution in cruciform specimens subjected to biaxial loading conditions. Part 1: Two-dimensional versus three-dimensional finite element model[END_REF][START_REF] Lamkanfi | Strain distribution in cruciform specimens subjected to biaxial loading conditions. Part 2: Influence of geometrical discontinuities[END_REF][START_REF] Makris | Shape optimisation of a biaxially loaded cruciform specimen[END_REF] Experimental and numerical study on the behaviour of Glass Fibre Reinforced Polymers (GFRP) laminate composites under biaxial static and cyclic tests has been conducted on cruciform specimens. [START_REF] Sawadogo | Experimental and Numerical Study of the Fatigue of GFRP Composites under Complex Loadings[END_REF] However, the machining of the cruciform specimens needs special care to the corner fillet to insure failure inside the gauge section during the test. Digital image correlation (DIC) technique and the FEM were employed to trace the strain concentrations. It show that geometrical discontinuities induced with the milled zone and the fillet corners introduce a more uniform biaxial strain distribution and guide the loads into the centre zone, result in local high strain concentrations. However, geometrical irregularities lead to complex stress states and the cruciform specimen fail prematurely, which complicates the determination of the true ultimate biaxial strength of a composite material. [START_REF] Lamkanfi | Strain distribution in cruciform specimens subjected to biaxial loading conditions. Part 1: Two-dimensional versus three-dimensional finite element model[END_REF][START_REF] Lamkanfi | Strain distribution in cruciform specimens subjected to biaxial loading conditions. Part 2: Influence of geometrical discontinuities[END_REF] Many specimen design work can be found in literatures. [START_REF] Mateen | A Review on Cruciform Shaped FRP Composites Laminates under Biaxial Testing[END_REF][START_REF] Makris | Shape optimisation of a biaxially loaded cruciform specimen[END_REF] Tubular specimens [START_REF] Amijima | Static and fatigue tests of a woven glass fabric composite under biaxial tension-torsion loading[END_REF] are capable to subject combined tension/compression, internal pressure and/or torsional loading. Unfortunately, pressure vessels form of tubular specimens cannot represent typical laminate planar structures as they are manufactured by filament winding whereas planar specimens are obtained with different processes. Furthermore, the test system and specimen preparation are the most sophisticate and rare experimental data can be found for woven composites.

Arcan fixture and specimen

A relatively simple manner to control specimen alignments and biaxial loading test is available although Arcan specimen was originally designed to study the shear response of polymers. It has been modified as a separated grip and a butterfly-shaped specimen version 97 used to investigate the failure of fibre reinforced material under bi-axial loading. [START_REF] Voloshin | Failure of unidirectional fiber-reinforced materials-New methodology and results[END_REF] Compared to Iosipescu configuration, a larger range of shear dominated stress states can be achieved. Furthermore, combined tension/compression and shear loading conditions can be applied easily by simply rotating the loading angles. Figure 1.21 shows different types of Modified Arcan Fixture (MAF) system to ensure reliable parameters obtained under biaxial loads. [START_REF] Gan | A novel fixture for determining the tension/compression-shear failure envelope of multidirectional composite laminates[END_REF][START_REF] Cognard | A modified Arcan test to analyze the behavior of composites and their assemblies under out-of-plane loadings[END_REF][START_REF] Taher | Determination of mechanical properties of PVC foam using a modified Arcan fixture[END_REF][START_REF] Hung | Finite Element Analysis of the Arcan Specimen for Fiber Reinforced Composites under Pure Shear and Biaxial Loading[END_REF][START_REF] El-Hajjar | In-plane shear testing of thick-section pultruded FRP composites using a modified Arcan fixture[END_REF][START_REF] Nikbakht | Fracture Toughness Characterization of Carbon-Epoxy Composite using Arcan Specimen[END_REF] A review of the published literatures shows that the limitations of the MAF are :

Limitation of MAF in published literatures:

1. Arcan test for biaxial loading is not introduced in any standard, different specimen dimensions such as the notch angle and notch root radius were adopted in published literature. Specimen geometrical parameters under shear were studied within FEM for FRPs. [START_REF] Hung | Finite Element Analysis of the Arcan Specimen for Fiber Reinforced Composites under Pure Shear and Biaxial Loading[END_REF] 2. The failure observed at the connecting pin holes on specimen is a common issue while using a MAF to determine the tension/compression-shear failure envelope with a modified version of the butterfly specimen. [START_REF] Gan | A novel fixture for determining the tension/compression-shear failure envelope of multidirectional composite laminates[END_REF] 3. As most of MAFs consisting of two separated parts are not rigid rig, coaxial planar condition need to be ensured to avoid out of plane loads.

4. The experiments are not simple to perform with large number of samples due to the clamping system. It is time-consuming to remount the samples.

5. Some structure of MAFs are too complicate to duplicate.

6. Lacking of alignment system to ensure Arcan specimen to be located in the center of fixture.

To authors knowledge, rare multi-axial experimental data for woven ply laminate is available for model validation in the open literatures. The design of an advanced fixture for applying biaxial loading is still highly demanded. Besides, damage contribution in FRPs by direct and transverse stresses can be decoupled without introducing artificial diffuse damage with simply rotating the loading angle of specimen when the MAF is used. For this reason, it may be useful to other researchers concerned with multi-axial testing and model validation based on plasticity coupled with anisotropic continuous damage mechanics models.

Conclusion

In this chapter, mechanical behaviours of woven composite under multi-axial stress state were reviewed in aspects of experimental observation on highly non-linearity, constitutive modelling with damage prediction and experimental tests.

According to the observation of damage accumulation under tensile and shear stress, the failure mechanism can be drawn that the non-linear response of woven composites is mainly due to the structures of woven fabric, plasticity of matrix, micro-cracking in yarns and yarn/matrix debonding. Modelling approaches can be classified as analytical models based on classical laminate theory, micro damage mechanics, failure criteria based on energy or phenomenology. In this work, CDM is introduced to couple with plasticity to study the damage accumulation in woven composite. Different CDM based models are presented especially the modified ladevèze model widely used accounting for fabric reinforced composites. Experiments introduced by standard tests is reviewed in terms of tensile and shear ones. Improved and modified versions of fixture mentioned in standard are also presented. The methods concerning to perform multi-axial test are summarized with different fixtures and specimens, in which the MAF is the most suitable to conduct tension(compression)/shear coupled test.

However, limitations are shown that the design of an advanced fixture for applying biaxial loading is still highly demanded as well as the constitutive laws that can present correct damage accumulation in woven composite under multi-axial stress states.

Manufacturing Modelling and Validation

This chapter introduces the woven-ply laminate manufacturing process and and the mechanical characterization of the composite material. The modelling used throughout the thesis is also presented. 

Overview

In this chapter, a twill-weave carbon/epoxy composite material has been fabricated by using vacuum infusion process. Microscopy has been used to characterize the geometrical parameters of the reinforcements, and the dimension of tensile specimen according to standard test ASTM D6856/D6856M has been chosen considering the repeat cell unit observed. The volume fraction of this woven-ply composite was calculated according to ASTM D3171. The mechanical properties such as elastic moduli and strengths, are acquired through tensile tests ASTM D3039 and in-plane shear tests D3518 with the assistance of surface strain measurements.

The established meso-scale FE model simplified one balanced twill fabric by assuming as two perpendicular UD plies. The non-linear mechanical properties especially in shear induced by damage, plasticity of the matrix and undulation in the woven architecture was characterized in the damage coupled elastoplastic model. The constitutive model was inspired by CDM model introduced by Ladevèze and developed by Hochard accounting for woven-ply laminate. In this work, the damage initiation has been redefined according to the experimental observation as well as the damage evolution law. This model was used to analyse the non-linear mechanical behaviour of the twill woven-ply laminate as well as the elastic modulus and the strength. Furthermore, the predicted stress-strain curves were validated with the standard tensile tests conducted.

The effect of damage and hardening coupling parameters on shear behaviour of [±45 • ] 3s is presented with changing in the shape of shear stress-strain curves. Lastly, the model is also capable to predict the modulus degradation in loading-unloading tensile test for off-axis laminate specimens. The nominal stress-strain curves are highly correspondence with the experimental data. For the experimental study of the multi-axial mechanical behaviour of 2D woven composite, the characteristics of adopted thermosetting resin and fibre employed are listed in Table 2.1. The twill 2x2 carbon fibre fabrics were infused with the epoxy SR8100 and hardener SD8824 provided by Sicomin. A vacuum bag infusion process was adopted to infuse resin into the laminate, as shown in Figure 2.1. The mould was degreased and applied with mould release TR102. To obtain laminates with desired lay-up sequences of [0 • /90 • ] 3s , the layer-by-layer stacking operation was performed manually. The leakage of vacuum film was verified with the changing of pressure in the vacuum bag after sealing the fabric fibres and all components (peel ply, net bleeder and breather ply). Resin is infused into the cavity to wet out the fabric fibres with the controlled pressure, -0.8 bar. The infused composite plate was maintained under the same pressure for 24 hours and demoulded. The plates were transferred into a standard-Incubator with natural convection for 8 hours cure at the temperature of 80 To determine experimentally the fibre volume fraction, method I in ASTM D3171 was adopted. The matrix was physically removed by ignition in a furnace, leaving the reinforcement essentially unaffected and thus allowing calculation of reinforcement or matrix content (by weight or volume) as well as percent void volume. According to the standard, the specimen has a minimum mass of 0.5 g for constituent volume only, and 1.0 g if void content is to be obtained, and any shape not restricted by the apparatus. The specimen should contain a representative volume of the material being evaluated. For the considering pattern the size of the Repeat Unit Cell (RUC) is evaluated to 8.3 mm (Figure 2.4). The same specimen may be used for density and reinforcement volume determination. The temperature was maintained at typically 600 • C where the polymer matrix can be removed, but the reinforcement is unaffected. The experimental averaged fibre volume fraction was measured at 56 % for 5 samples (the measurements were performed only on one manufactured plate).

Material Fabrication and Standard Tests

Resin infusion process

V f = nA w ρ f t (2.1)
Where n is the number of plies, A w is the area density of one ply, ρ f is the density of HR carbon fibre and t is the thickness of laminate. 

Specimen for woven-ply laminate

The specimen shape and dimensions of the twill composite were adjusted with the ASTM standard test D6856M, adapted the classical standard test of UD laminates to textile composites. The dimension of specimen chosen for this twill composite is shown in Figure 2.5.

Preparation of standard specimens

Five specimens per test condition were used to gain valid results. The specimens were machined oversized from plates according to the recommended tensile geometry by water jet cutting. The specimens were polished around the edge area to the final dimension to avoid notches, undercuts, rough or uneven surfaces, or delamination. Bonded tabs were attached to the specimens by applying epoxy adhesive 3M DP490 with high peel and shear strength.

For tension test ASTM D3039, the recommended geometry is 250 mm in length, 25 mm in width and 2.5 mm in thickness. The twill configuration was studied, therefore, proper consideration for testing of textile composites was taken into account. Figure 2.4 shows the smallest unit cell defined by the undulation of warp yarn pattern of a 2x2 twill fabric. The width of tension specimen should include 2 unit cell and at least 25 mm and the minimum gauge length 127±2.0 mm. Here, the size of the smallest unit cell is 8.3 mm. For in-plane shear properties with tensile test ASTM D3518 is capable for testing woven composite with equal yarn size and spacings in the warp and fill directions. The stacking sequence shall be [±45 • ] ns , where 2 ≤ n ≤ 4 for woven fabric (8, 12, or 16 plies). To include two times unit size in the gauge width, 25 mm in width was chosen, which is large enough to consist of two RUC in [±45 • ] 3s specimen also (see Figure 2.5). Moreover, to obtain a reasonable measurement of the average strain, the extensometer and digital image correlation were both used, as shown in Figure 2.6.

Tensile properties

With the assistance of strain mapping system, the tensile tests were performed on an electromechanical universal testing LR50K at a cross-head speed of 2 mm/min. A extensometer epsilon model 3542 was attached on the middle of the specimen.

The actual surface strains on the specimens were measured by a Digital Image Correlation (DIC) system. Specimens, sprayed with random white-black speckles, were recorded by a Allied R CMOS (Complementary Metal-Oxide-Semiconductor) camera with resolution 2048 horizontal pixels × 2048 vertical pixels. The images of the deformed specimen surface were taken with a frequency of two images per second.

DIC method was implemented to measure the strain fields with the commercial software Vic-2D R based on the captured images, and the continuous slight changes of the relative positions of the speckles on the pictures were identified. The strain contours all along the tensile specimen were evaluated by Vic-2D R and built up. The average strain of the whole specimen, up to the final failure, can be calculated by averaging the local superficial strain in the interested area. Figure 2.6 shows a specimen mounted in the tensile machine and the strain mapping camera set up.

Figure 2.7 shows a typical tensile stress-strain curves along the fibre direction for the twill woven composite. Therefore, specimen labelled as P1SS2 was chosen to represent the on-axis stress-strain curve. The mechanical response of the twill woven-ply laminate studied in this work presented nearly elastic behaviour till the brittle rupture at a failure strain of 0.94 %. The Ultimate Tensile Strength (UTS) is 800 MPa. For the balance twill-epoxy composite in this study, the response are same in both weft and warp directions, inspiring that brittle damage failure mode shall be adopted for the on-axis direction in the constitutive modelling. 

In-plane shear properties

As mentioned in chapter 1, there are many test methods to investigate the in-plane shear behaviour of FRPs. The easiest and most widely used one is adopting a off-axis laminate with stacking sequence of [±45 • ] ns . The geometry and dimension of specimen maintain the same as standard tensile test, as shown in Figure 2.5. Same experimental set-up with the assistance of DIC was applied to the test process according to ASTM D3518. Figure 2.8 shows the highly non-linear in-plane shear behaviour of the twill woven composite.

Stress-strain curve

The shear stress-strain curves with specimen labelled as P1SS8, P1SS9, P1SS10 and P1SS11 are presented in Figure 2.8. Shear strain is presented in tensor form. All curves follow the same trend till the final failure caused by fibre breakage. It can be seen that these curves consist of four phases.

First one is the linear elastic segment below stress of 12 MPa, following a non-linear phase till around 45 MPa. Both damage and plasticity were found in the second segment. At this stage, diffuse damage involved with inter-fibre cracks, micro matrix-cracking and debonding appears. The inter-fibre cracks initiated in the yarns transverse to the loading direction and the micro-debonding at the crimp point of the warp/weft yarn conjunctions will be lagged and arrested by the next yarns (warp yarns) perpendicular to the tips of the cracks, reaching a crack saturation. The damage evolves no more in the last two stages.

As the strain increasing, a linear phase appears after shear strain of 3 % corresponding to engineering shear strain of 6 % and all curves experience fibre breakage with a softening. This behaviour is mainly due to the changes of fibre orientation. Fibre rotation effect on tensile behaviour of laminate composites with stacking [±45 • ] has already been studied in many literatures. [START_REF] Herakovich | Damage evolution in [45]s laminates with fiber rotation[END_REF][START_REF] Sun | The effect of deformation-induced change of fiber orientation on the non-linear behavior of polymeric composite laminates[END_REF] This effect has a significant influence on the shear stress-strain curve of woven composites. 

Shear modulus and strength

There are nearly no fluctuation before failure in shear stress-strain curves extracted from experimental data. The chord shear modulus of elasticity,G 12 , of 4.6 GPa were calculated, applied over a 4000±200 µε engineering shear strain range, starting with the lower strain point in the range of 1500 to 2500 µε. Minimum failure shear strain are above 11 % (22 % engineering shear strain) for all the specimen. Maximum shear stress S 12,5 was calculated with the tensile force below 5 % engineering shear strain. The shear strength with 5 % engineering shear strain is 44 MPa.

The averaged mechanical properties obtained from standard tensile tests are listed in Table 2.2.

Constitutive Model for Woven Composite

Coupled damage-plastic constitutive law

The review in chapter 1 has shown that one of the best approach is a coupled damage plastic modelling. In this method, a new continuum and weaker medium is assumed by homogenizing the micro crack damage through over the material in CDM approach. As a result, the new material has a degraded stiffness and a continuum domain with smooth field equations. Considering the micro crack and voids, Cauchy stress tensor, σ , can be represented as the effective stress tensor, σ , by the internal variables damage effect tensor, M.

σ = M(d) • σ (2.2)
Three internal variables for damage (d 1 , d 2 and d 12 ) are related to the brittle fracture of fibres in the material principal axis (the weft and warp directions) and the decreasing of stiffness in shear. These internal variables are monotonically increasing due to the irreversibility of the damage proportional to the loading.

Damage Evolution Criterion

Hochard et al. [START_REF] Hochard | Modelling of the mechanical behaviour of woven-fabric CFRP laminates up to failure[END_REF][START_REF] Hochard | A generalized damage model for woven ply laminates under static and fatigue loading conditions[END_REF] proposed a model accounting for CFRP laminates with woven reinforcement based on a damage computational approach developed and validated by Ladevèze et al. [START_REF] Ladeveze | Damage modelling of the elementary ply for laminated composites[END_REF] This model was used for balanced and non-balanced in warp and weft woven plies.

A more general model can be obtained to describe a large number of laminates consisting of various elementary plies (Figure 2.9). In this section, following assumptions are made to apply the constitutive model for balanced woven plies: A laminate [0 • /90 • ] consisting of two virtual unidirectional plies was adopted to simplify the weave architecture as undulation yarns in twill fabric. The non-linearity introduced by fabric architecture is considered in damage accumulation and plasticity. The two virtual unidirectional plies do not really exist but their mechanical behaviours are assumed similar with the decomposed plies consisting of only weft and warp yarns from twill woven composite. Under the assumption of plane stress, strain energy of the woven ply was presented as in the form:

E ps D = 1 2   σ 1 2 + E 0 1 (1 -d 1 ) + σ 1 2 - E 0 1 -2 v 0 12 E 0 1 σ 1 σ 2 + σ 2 2 + E 0 2 (1 -d 2 ) + σ 2 2 - E 0 2 + σ 2 12 G 0 12 (1 -d 12 ) (2.3)
Where the progressive damage d 12 depends on both the shear load and transverse micro-crack damage induced by traction load. Opening and closing of the micro-crack are described with two split parts of tension and compression energy. With this strain energy, thermodynamic forces can be derived with the internal damage parameters.

Y d i = ∂E ps D ∂d i = σ i 2 + 2E 0 i (1 -d i ) 2 Y d 12 = ∂E ps D ∂d 12 = σ 2 12 2G 0 12 (1 -d 12 ) 2 (2.4)
The damage evolution is described by using linear law with square root of an equivalent thermodynamic force [START_REF] Ladeveze | Damage modelling of the elementary ply for laminated composites[END_REF] . The internal damage d 1 and d 2 reach 1 suddenly to represent the brittle damage in warp and weft directions.

d i = 0, Y d i < Y if 1, Y d i ≥ Y if (2.5
)

d 12 = √ Yeq- √ Y 0 √ Yc- √ Y 0 + if Y d i < Y if and d 12 < 1. else if d i = 0 and d 12 = 0
Where the constants Y 0 and Y c are the threshold and critical values corresponding to when the internal damage d 12 equals to 0 and 1 respectively. Y if correspond to the rupture in warp and weft directions. As mentioned above, the equivalent thermodynamic force was defined to consider the traction/shear coupling internal damage d 12 during the history of loading.

Y eq (t) = max τ t (α d1 Y d 1 + α d2 Y d 2 + Y d 12 ) (2.6)
Coupling coefficient can be determined in two methods (see section identification).

With assumptions of a [0 • /90 • ] laminate of unidirectional plies with similar properties of components as the balanced woven composite studied was used to approximating the coupling coefficient theoretically and a possible test was proposed in Ref. [START_REF] Hochard | Modelling of the mechanical behaviour of woven-fabric CFRP laminates up to failure[END_REF] In this study, an off-axis specimen [22.5 • /-67.5 • ] 3s under loading-unloading tension was employed to estimate the coupling coefficient.

Isotropic Hardening for Plasticity

In a realistic constitutive law accounting for the non-linear behaviour of composite, the plasticity should be collaborated to obtain an accurate and reliable results. The aim of current work is to investigate the damage evolution under the coupling effect of transverse traction and in-plane shear, thus a simple isotropic plasticity potential is adopted given by Equation (2.8). Here only inelastic strain in shear direction was considered because woven composite presents linear response in warp and fill directions under traction load. Isotropic hardening for plasticity was adopted to describe the inelastic strains which reflect slippage and friction between matrix and fibres. To embed the damage into constitutive model, the effective stresses and strains were used.

σ12 εp 12 = σ 12 εp 12 (2.7)
We define the plastic criterion in each ply followed by Ladevèze et al.:

56 f ( σ, p) = (σ 12 ) 2 + α 2 p (σ 22 ) 2 -σy (2.8)
where σy = R( p) + R 0 = C 0 × p + R 0 is linear law for isotropic hardening function of the accumulated inelastic strain. This yield limit evolves with load as function of the accumulated plastic strain, p. C 0 is a material constant in hardening law.

The development of damage has been taken into account in the equivalent thermodynamic force with a coupling parameter, α d , between the transverse traction and the shear. The parameter, α p , establishing coupling in transverse traction and in-plane shear plasticity was also considered. This coupled damage plasticity model exhibits a good correspondence with the experimental data. The quadratic form of the plastic potential was adopted in effective stress space.

Time integration of stress for coupled damage-plasticity model

The numerical implementation details for the damage-plasticity model are presented in this section. The aim here is to embed the damage into plasticity with the effective stresses. Central problem for the coupled damage-plasticity model leads to:

Given: ∆ε, ε e (n) , εp (n) , p(n) , d 12(n) , σ (n) Find: ε e (n+1) , εp (n+1) , p(n+1) , d 12(n+1) , σ (n+1)
The trial stress tensor is calculated with the elastic stiffness matrix, D e , based on the elastic constitutive law, assuming that the internal variable values remain frozen:

σtr (n+1) = D e ε tr (n+1) = D e • ε (n) + ∆ε = σ(n) + D e • ∆ε; p (n+1) = p (n) ; d 12(n+1) = d 12(n) (2.9)
With the known trail stress tensor, the plastic yield function can be rewrite as:

F σ tr (n+1) , p (n) = σ tr 12(n+1) 2 -R 2 p (n) (2.10)
Plasticity component stress computation ceases if the trial value of yield function is non-positive with F ( σ tr (n + 1), p(n)) ≤ 0 . Otherwise, if F σ tr (n+1) , p (n) > 0, the Return Mapping Algorithm (RMA) is used to obtain the plastically admissible stress values. Figure 2.10 presents the computational procedure according to the steps necessary for RMA. To solve Equation (2.11), all variables are substituted in terms of Lagrange's plastic multiplicator, λ. The actual effective stress tensor is expressed by the trial effective stress tensor.

σ (n+1) = σ tr (n+1) -D e dε p (n+1) (2.11)
Based on the normality rule, the effective plastic strain, dε p (n+1) , is presented by Lagrange's plastic multiplicator, as well as the accumulated plastic strain, dp . Thus the only unknown variable, here, in the scalar-valued function in Equation (2.12) is the Lagrange's plastic multiplicator which can be solved by using Newton-Raphson iterative scheme to find the root of the non-linear equation given as: 39

F (∆λ) = 1 2 (1 + ∆λD e M.P.) -1 σ tr (n+1) T P (1 + ∆λD e .M.P) -1 σ tr (n+1) (2.12)
Where D e is elastic stiffness matrix, M, damage effect tensor and P, transform matrix due to the fact that a quadratic form of the plastic criterion is used. The Finite Element Analysis (FEA) was studied in the commercial software ABAQUS. VUMAT subroutine accounting for the coupled damage-plasticity model was implemented in ABAQUS/Explicit.

D e =     D 11 D 12 0 D 12 D 22 0 0 0 D 33     , M =     1 1-d 11 0 0 0 1 1-d 22 0 0 0 1 1-d 12     , P = 2     0 0 0 0 α 2 p 0 0 0 1     (2.13)

Model identification

For twill balanced woven composite studied here, traction/shear coupling parameters in equivalent thermodynamic force were assumed as α p and α d . Critical thermodynamic forces Y 1f and Y 2f equal to Y f calculated depends on the ultimate strength X T . Shear damage d 12 and plasticity parameters were studied with the tensile test of [±45 • ] 3s woven composite under loading-unloading tension. The tension/shear coupling parameter a for a balanced in warp and weft was determined by tensile test of a off-axis specimen under loading-unloading tensile tests.

Ref 62 mentioned a possible test in which the traction in the 0 • direction on a large plate and then applying traction along the 45 • direction on a specimen cut from the pre-damaged large plate. Similarly, for Arcan specimen, possible test are applying traction in 0 • direction and then in 90 • direction to obtain the shear response. However it is difficult to conduct the test as a specific load controlling the damage should be applied to the large plate to create pre-damage evenly. Moreover, new damage will be accumulated when specimens are cut form the pre-damaged large plate which leads to a different damage parameter d 12 recorded in the pre-damage step.

The shear behaviour for a elementary woven ply can be obtained form the ASTM standrad test D3518 on a [±45 • ] 3s woven ply laminate (Figure 2.11). The shear stress at each required data point is determined using Equation (2.14) and tensorial shear strain was calculated via DIC.

σ 12i = F 2A (2.14)
where F is the applied force and A the section area.

Damage development and hardening laws

The damage evolution and hardening laws are identified with loading-unloading tensile test on a [±45 • ] 3s woven-ply laminate.

By imposing data at the highest loading point of each cycle from loading-unloading tensile curve, damage parameter can be calculated as well as inelastic strain. Shear damage and plasticity master curves can be determined by fitting the data points. of shear modulus versus square root of the equivalent thermodynamic force obtained by Equation (2.15) conserved shear component as:

Y eq (t) = max τ t ( Y d 12 ) = |σ 12 | 2G 0 12 (1 -d 12 ) (2.15)
We can remark that the damage variable d 12 reach a asymptotic value. The same kind of behaviour was observed by Hochard et al. [START_REF] Hochard | A generalized damage model for woven ply laminates under static and fatigue loading conditions[END_REF] This corresponds to the crack saturation. The derived effective accumulated plastic strain and yield stress were calculated with damage parameters with Equation (2.16) and drawn in Figure 2.13.

R + R 0 = σ 12 (1 -d 12 ) (2.16) ṗ = εp 12 = |(1 -d 12 ) εp 12 | (2.17)
To describe the damage evolution law, different mathematical functions can be used. Ladevèze et al. [START_REF] Ladeveze | Damage modelling of the elementary ply for laminated composites[END_REF] had used linear law. Hochard et al [START_REF] Hochard | A generalized damage model for woven ply laminates under static and fatigue loading conditions[END_REF] 

= R( p) + R 0 = C 0 × ( p) + R 0 (2.19)

Tension/shear coupling coefficient

The coupling coefficients α d and α p were obtained with off-axis specimen [22.5 • /-67.5 • ] 3s under loading-unloading tension. The important objective is to insure that on other types of damage introduced during the test except under the transverse traction and shear.

With the damage parameter d 12 derived from loading-unloading curve, equivalent thermodynamic force Y eq determined with the help of shear damage master curve derived from [±45 • ] 3s , along with the actual thermodynamic force, Y d 22 , in transverse direction, coupling parameter can be calculated.

α d = Y eq -Y d 12 Y d 22 (2.20)
Another possible method can be realized by using the Modified Arcan Fixture. The in-plane biaxial loading can be simply achieved without introducing pre-damage in the samples. Besides, under the biaxial loading, damage introduced by disassembling and assembling is avoided while changing loading directions. With biaxial load simply generated by the MAF, the coupling parameter α d can be determined with a simple loading-unloading biaxial test. The average strain in the gauge area can be determined by DIC method.

The material parameters obtained in this section for damage evolution and plasticity are listed in Table 2.3, which will be passed in model validation to study the mechanical behaviour of twill woven epoxy-carbon composite numerically.

Study of coupling parameters

The proposed model considers two coupling parameters. Here we proposed to study the influence of these parameters on the mechanical response. The possible variation of simulation that can be performed by using developed simplified mesoscopic model are demonstrated. Lay-up of [±45 • ] 3s was considered in the model, and only damage coupling parameter and hardening coupling parameter were changed whereas the other one was fixed. The initial value for damage coupling parameter α d was chosen as 4 and hardening coupling parameter α p as 1.13, same as obtained in section of model identification. 

Damage coupling parameter α d

At first, models were performed with changes in damage coupling parameter α d and hardening coupling parameter α p was maintained as 1.13. It can be seen that the second non-linear segment is largely affected. As we discussed, shear damage d 12 initiate when thermodynamic force reaches its threshold and cease until the saturation of 0.647. This period corresponds to the second non-linear segment presented in Figure 2.14. The stress in this phase decreases as the increase in damage coupling parameter α d due to the rapid degradation of modulus accounting for the contributed proportion of direct stress in damage evolution law. α d has less effect when the strain is higher than 5 % and then the stress-strain curve convergence to a lower bound. The third phase of the hardening is not affected in terms of the hardening slope except that this third phase begin for a lower stress. All the curves failed at the same shear strain ε 12 6.5 % without affected by damage coupling parameter α d .

Plasticity coupling parameter α p

Secondly, we consider the variation of plasticity coupling parameter α p . All shear stress-strain curves has the same configuration. It is interesting that the final failure appears early when larger hardening coupling parameter was adopted.

Model Validation

Finite element model

The constitutive model where the evolution laws for the shear/transverse damage d 12 and the accumulated shear strain was implemented in ABAQUS/Explicit with user defined subroutine VUMAT. Input parameters are listed in Table 2.2 and 2.3. It was decided to model a full specimen including the gauge zone and the tabs. 

FEA compared with experimental results

Tensile test on

[0 • /90 • ] 3s
Firstly, the numerical results were compared and discussed for the tensile test on [0 • /90 • ] 3s laminate. Figure 2.17 shows the on-axis tensile stress-strain curves of experimental one and numerical one calculated by averaging the stress and strain in the region between the end tabs. The tensile mechanical response of twill carbon-epoxy composite studied in this work present highly elastic till the brittle fibre breakage. This failure mode has been constructed in the constitutive model by implement failure strain 1.3 % along weft and warp directions. The result obtained with the numerical model has a good agreement of the experimental one. 

Tensile test on [±45 • ] 3s

The same simulation than the previous was performed but with a [±45 • ] 3s laminate specimen. The simulation ceased when fibre breakage was encountered, which corresponds to a level of 12 % total shear engineering strain (see Figure 2.18). To avoid the influence of the fibre rotation, the experimental shear stress-strain curve segment under 12 % total shear engineering strain are compared with the one calculated in FEM.

As mentioned before, three stages were found in the shear response. Here three crucial points are marked on the stress-strain curves, shown as in Figure 2.18, which are point of damage initiation, damage saturation and fibre breakage. The simulated contour for surface layer of the shear stress σ 12 corresponding to point A, B and C along with the contour of shear damage parameter d 12 are presented in Figure 2.19. The damage initiate at the conner connected to the end-tabs along the fibre direction, and higher damage can be found closed to the load applied side with d 12 of 0.36. At this moment, the highest shear stress in the specimen reached 22 MPa. The damage continues as the increase of applied displacement until it reached the point of crack saturation. The micro-cracking is arrested by the yarns perpendicular to the crack tips.

The diffuse damage spreads in the entire specimen, showing a constant value of 0.647, which is the highest damage value studied in Figure 2.12 for the identification of damage evolution. The damage maintains till the fibre breakage. The hardening continues in this phase, and shear stress increases linearly as the linear hardening curve was observed and adopted.

The final failure was predicted with the simulation. The shear stress-strain curve experience a sudden drop due to the loss of stiffness. Figure 2.19 shows the failure mode with fibre breakage closed to the upper end-tab. The rupture happens along the fibre direction, which was confirmed in the experimental results. The shear strain calculated for the selected surface on a broken tensile specimen [±45 • ] 3s also has the same failure mode.

Off-axis Standard Tensile Test

Various tensile tests were conducted on off-axis specimens with off-axis angle 0 • , 15 • , 22.5 • and 45 • . The experimental and simulated stress-strain curves are shown in Figure 2.20. The damage accumulation as well as the hardening is discussed in this section by comparing the FEM and experimental results.

Figure 2.20 shows that all the simulated stress-strain curves predict tensile response in the off-axis specimen well. Except the on-axis curve showing a linear elastic behaviour, the three curves of off-axis specimen with 15 • , 22.5 • and 45 • experience three segments: a short linear elastic phase followed by a highly non-linear part and a linear hardening When shear loading-unloading is applied (from a [±45 • ] 3s laminate tensile test), a decrease in the shear modulus as well as inelastic strains were observed (Figure 2.11).

The decrease in the modulus is due to the ply shear stress, which generates some fibre/matrix decohesion and matrix cracks within the warp and fill yarns. The inelastic strains and the loading-unloading hysteresis observed can be due to the slipping/friction processes occurring between the fibres and matrix as the result of the damage. 

Conclusion

The experimental details of the work carried out according to ASTM standard tests was presented in this chapter. The twill woven epoxy-carbon composite was fabricated with vacuum infusion process and volume fraction was investigated as well as the microscopic observation of RUC dimension. The special care of textile composite was taken into account for the dimension of tensile specimen. Tensile tests were followed with the instruction of ASTM standard tests D3039 and D3518 on a [0 • /90 • ] 3s and a [±45 • ] 3s specimen. The strain mapping was realized by using DIC method. A full material card was provided by post-treating the experimental results.

Constitutive model based on the framework of CDM was established based on the original work of Ladevèze. As many modified Ladevèze models were illustrated in published literatures, proper damage evolution and hardening laws were modified based on the shear damage and hardening master curves derived from the loading-unloading tension test on [±45 • ] 3s . With all the parameters obtained through the experimental study, the model is implemented in ABAQUS/Explicit with a user defined subroutine VUMAT. The effect of damage and hardening coupling parameters on shear behaviour of [±45 • ] 3s is presented with changing in the shape of shear stress-strain curves. The capability of this model were validated with standard tests performed and gave us a view of damage evolution in failure mechanism of the twill carbon-epoxy composite.

Furthermore, the simulated results of loading-unloading tension on a off-axis specimen with stacking [15 • /-75 • ] 3s are excellent compared with the experimental one. It shall be a powerful tool to investigate the woven composite studied in this work under multi-axial loading conditions. Other simulations will be performed in chapter 5.

Development of Modified Arcan Fixture

This chapter provides a full finite element analysis and experimental evaluation of the capability of entire fixture and optimal Arcan specimen which are used to perform multi-axial loading tests in the thesis 

Overview

The aim of the present chapter is to re-design the Arcan fixture and optimize the specimen geometry to obtain a reliable experimental data with specimen rupture in the gauge zone. Several improvements have been achieved with the guide unit and additional clamping jaws. A full material card was obtained for twill woven epoxycarbon composite by using this MAF with loading angles in pure tensile and shear. The material properties were corrected by considering stress concentration factor and fibre rotation effect. Results were highly in correspondence with experimental data followed by standard ASTM tests.

In this work, at first the modification for Arcan fixture was presented as well as the optimal dimensions of specimen. Secondly, the entire fixture including the specimen was examined in FEA within commercial software ABAQUS R . The stresses were evaluated for the specimen under preload and tension steps. Von Mises stresses against yield stresses of each components of fixture were investigated. The stress distribution between notch roots affected by notch radius was studied under biaxial loading. Lastly, an experiment investigation of the MAF under different loading angles was reported.

The mechanical parameters obtained with the MAF were compared to the ones with ASTM standard tests. The effect of stress concentration on UTS under loading angle 0 • and fibre rotation on shear strength under loading angle 90 • was discussed. Results were corrected and compared with ASTM D3039 105 and ASTM D3518. 81

3.2

The Modified Arcan Fixture and Specimen

Biaxial tension(compression)/shear loading

Arcan specimen was originally designed to study the shear response of polymers. In this chapter, a MAF was designed and fabricated to study the mechanical response including damage accumulation and plasticity of the textile reinforced composite under biaxial loads. The new design of the Arcan device leads to several modifications. Compared with the original one proposed by Arcan et al., [START_REF] Arcan | The iosipescu shear test as applied to composite materials: Discussion[END_REF] the modified test fixture is equipped with guide units that increased the stiffness of the apparatus. Two guide columns were considered to prevent the bending during the test to insure in-plane stress states. With the designed slideways, specimens can be mounted without handling difficulties, besides, the misalignments were eliminated during the tests. Low-friction slideways are suggested by using commercially available clearance-free guide units with a high accuracy grade linear bushings SM16GU, and shaft diameter was chosen as 16 mm. The modified fixture was made of aluminium alloy T7351 plates (thickness of 50 mm) for highly stressed structural parts within a circular platform (diameter of 162 mm).

Arcan specimens were attached on the inner platform which is coaxial with the loading head between two identical halves of the Arcan fixture with ten 8 mm diameter hex socket bolts in the region far from the gauge zone (see Figure 3.3). The load can be transferred through hand-tightened bolts and gripping jaws from fixture to the butterfly specimen. In this configuration, tightening ten gripping bolts can decrease stresses around holes significantly but assembling each specimen may be time-consuming. Therefore, six bolts on the outside ring overlapping with the ring of Arcan fixture halves only play a role of connecting gripping jaws and Arcan specimen without tightened. It becomes easier to disassemble and change loading direction of the precharged specimen without inducing new damage to it. The adhesion coefficient of the clamping surface was increased by creating structural surfaces as knurl pattern on gripping jaw part A and B so that specimens with various thickness can be clamped firmly. The gripping jaws and clamping bolts avoid the rotation of specimen effectively and transfer the loads evenly from tensile machine to specimen.

With holding a gap of 5 mm by a wedge (Figure 3.1), compression tests can be conducted without buckling thanks to the guide units. By changing the angle of Arcan specimen, biaxial stress states can be obtained, which leads that:

F t = F • cos α F s = F • sin α (3.1)
Where F t and F s is the tensile and shear loads decomposed from applied load F and α denotes the angle between x-axis and 2-axis shown as in Figure 3.1. In this study, the angle α will be called the loading angle.

Arcan specimen configuration

The Arcan specimens made by epoxy/twill with thickness of 2.5 mm were cut roughly by a water jet machining system and then finely grind and drilled carefully to the final dimension by hand to avoid delamination caused by the water pressure during machining. The full length D of the specimen was chosen as 160 mm according to the circular platform on the Arcan fixture. The width of specimen W is 90 mm and the gauge length L between two notch roots is 25 mm. Ten holes with diameter 8 mm was drilled to match the gripping jaws and Arcan fixture halves. Parameters in gauge and notch area were studied to specify Arcan specimen dimension.

Gauge length and width

Gauge length (between notch roots) and width (along 1-axis) are borders of the red zone shown in Figure 3.2. The gauge zone was determined and fixed in this study.

As suggested in the ASTM standard tensile tests for woven composites, the size of RUC is an essential factor needed to be considered in choosing the sample dimension. Therefore, two times of RUC width 8 mm was chosen for gauge width. The width here does not affect the specimen configuration but was used to examine and ensure the stress and strain uniformity in gauge zone. Furthermore, the gauge length plays a more important role in the specimen dimension and Ref [START_REF] Arcan | A method to produce uniform plane-stress states with applications to fiber-reinforced materials[END_REF] has given optimal values of the dimension parameters governed by the ratios. Researchers have suggested different length. As the gauge length is too large, failure may not occur in the gauge zone and often initiate in the area of clamp holes caused by the fibre rotation which leads to delamination of the laminate [START_REF] Laux | A simple nonlinear constitutive model based on non-associative plasticity for UD composites: development and calibration using a Modified Arcan Fixture[END_REF] . Therefore, gauge length was chosen as the larger value of 1) standard tension test specimen width 25 mm and 2) two times of the size of RUC.

Notch angle and radius

Optimal notch angle and radius producing plane stress were also suggested by Arcan for fibre reinforced material specimen for shear in a ratio form [START_REF] Arcan | A method to produce uniform plane-stress states with applications to fiber-reinforced materials[END_REF] .

d w = d √ 2r = 5 (3.2)
Where geometrical parameters d, w and r are length between the notch roots, width of notch root and notch radius respectively. Notch root radius has an influence on the stress distribution in the gauge zone. Adams and Walrath 107 studied three different notch-root radii: 0, 0.64, and 1.27 mm for Iosipescu shear specimen, and pointed out that as the notch-root radius increases, the point of maximum shear stress tends to move away from the root of each notch in a direction toward the nearest inner loading point. K. W. Gan 74 has adopted notch radius 5 mm among three (0.7, 5 and 10 mm) to encourage premature or unexpected failure. Five radii (0, 1.27, 2.38, 4.78 and 7.19 mm) with a notch angle 90 • have been studied in Ref. [START_REF] Hung | Finite Element Analysis of the Arcan Specimen for Fiber Reinforced Composites under Pure Shear and Biaxial Loading[END_REF] For gauge length of 25 mm, radius was calculated as 3.54 mm according to the ratios proposed by Arcan [START_REF] Arcan | A method to produce uniform plane-stress states with applications to fiber-reinforced materials[END_REF] and the stress uniformity was investigated with different radii in FEM section.

Finite Element Analysis of the MAF

FEM was adopted to investigate the suitability of the MAF. The stress analysis of the specimen and whole test fixture was done by imposing a fasten force on the clamping unit. Furthermore, the connecting holes on both the test fixture and clamping parts were evaluated under tensile loading with normalized stress against yield stresses as well as the bolts. The stress distribution in the gauge area of Arcan specimen was examined according to various notch radius (0, 1.27, 2.38, 3.54, 4.78 and 7 mm) with a fixed notch angle 90 • . 

Finite element model

Simulations were performed by using the explicit finite element software ABAQUS, which is established to analyse complex non-linear contact problems. To ensure the solving of quasi static problems, some special considerations are required to keep inertial forces insignificant in a state of dynamic equilibrium in an accelerated process.

In fast loading cases, loading rates are increased with remaining the quality of the quasi-static solution. Smooth amplitude curves were applied to ensure that changes in velocity and displacement are smooth and avoid noisy and inaccurate solutions introduced by sudden stress shock waves. The time required for a quasi-static solution is estimated with the lowest mode frequency of corresponding structure. Frequency procedure in ABAQUS/Standard was used to approximate the natural frequencies of different parts of the MAF with the lowest of 45 Hz in the guide columns, which corresponds to a period of 22 milliseconds. To be certain a truly quasi-static solution, the period was amplified by 10 times. The history energies were studied to evaluating the quasi-static response at the end of process.

Figure 3.3 shows the finite element model with prescribed boundary conditions. A displacement-controlled loading on axis was applied with the other fixture half encastred. Part-independent method was used to discrete the model by linear tetrahedral element C3D4 for fixture halves and hexahedral element C3D8 for Arcan specimen, bolts, clamping units and guide columns. To achieve convergence of the solution, element size has been matched within the contact area. The total number of elements was 1,700,733 and Degrees Of Freedom (DOF) of the model was 1,121,058. In the mechanical contact analysis, two contact properties were considered. A general contact interaction property refers to frictionless to the tangential motion and a penalty-based contacts for the knurl surface of the clamping units so that the realistic contact between specimen and clamping jaws was simulated. The contact surfaces between connecting bolts and holes located on fixture halves, specimen and clamping jaws were assumed as frictionless.

The linear elastic materials were used in the finite element analysis because the irreversible plastic deformation is not considered in the whole MAF system. We adopted alloy 7075-T7351 to fabricate the MAF thanks to its fair machinability and superior strength (Table 3.1). It is heavily utilized by the aircraft and ordnance industries as it offers the highest strength of the common screw machine alloys. Socket cap screws and nuts M8 class 12.9 with a yield strength of 1100 MPa were used (Table 3.3). In this section, instead of woven composite, a transverse-isotropic carbon fibre epoxy UD laminate with high elastic modulus on 1-axis was chosen for the Arcan specimen (Table 3.2) to exploit the maximum capability of the MAF.

Because the connecting holes on the contact surfaces of fixture halves surrounded by clamping jaws are not accessible during the entire test process, it is important to check that no plastic deformation occurs in this zone. Thus, FEM gives an alternative to access and investigate whole stress distribution that cannot be examined. To conduct a tensile test with the MAF, firstly, the Arcan specimen should be assembled on the fixture halves with clamping jaws at a desired angle. The connecting bolts supply a certain fasten force to maintain the Arcan specimen firmly, which corresponds to a torque. A minimal applied torque introducing a sufficient compression pre-stress should be used, so that the slip of specimen form fixture halves can be prevented with bolts and knurl surfaces of clamping jaws. On the other side, Ref [START_REF] Adams | The V-Notched Rail Shear Test[END_REF] pointed out that the excessive clamping force may induce detrimental stress concentrations in the specimen at the sides of the gauge section. Secondly, the specimen was loaded until rupture occurs. In this step, the case of pure tensile on fibre direction with loading angle 0 • are chosen to examine whole system as it is the critical case for all the connecting holes in the highest stress state.

Stress evaluation of preloaded Arcan specimen

Out of plane stress distribution around the clamping holes on the specimen after torque applied is shown in Figure 3.4. The stress distribution of whole fixture is presented in next section as the fasten stress induced by applied torque can be neglected in tensile direction. The clamping torque was chosen as 11.1 Nm and 18.8 Nm. The out of plane stress σ 33 in Arcan specimen reaches 21 MPa with higher applied torque especially around the connecting bolts, whereas σ 33 in the area contacted with knurl surfaces is slightly higher than the one with lower applied torque. The knurl surfaces of clamping jaws disperse the stress distribution efficiently. The contour of local stress along fibre direction σ 11 over the Arcan specimen is shown in Figure 3.5 under tensile loading at the beginning of load application and the end.

The maximum σ 11 on the specimen reaches 61.5 MPa around the clamping area with the torque of 18.8 Nm applied. In the gauge area of the specimen, the stress σ 11 is 36 MPa under compression. The UTS in fibre direction of the composite implemented in FEM is assumed as 1306 MPa, which is large enough for most common used composite configuration. The distribution of stress in the gauge area is quite uniform with the optimized dimension. As increasing of the applied tension, the maximum stress transfer to the tip of notch root. Distributions of stress show that the peak stress near tip reaches much larger magnitudes than the average stress over the gauge section. The section variation that causes the stress concentration is referred to as a stress raiser. Theoretical stress concentration factor K t in elastic range can be obtained as 2.38 in stress raiser form of opposite single V-shaped notches in finite-width plate 108 compared to 2.78, the value obtained numerically by FEM (max stress on normal stress).

K t = C 1 + C 2 K tu + C 3 K tu (3.3) K tu = C 1u + C 2u 2h D + C 3u 2h D 2 + C 4u 2h D 3 (3.4)
Where K tu denotes U-shape raiser form and constants were calculated C 1u =5. When σ 11 reaches 1306 MPa, the simulation ceases. In section 3.3.4, the normalized von Mises stresses against yield stresses of different parts of the fixture system were examined to ensure that obtained results are accurate with all parts works in an elastic phase to avoid irreversible plastic deformation.

Optimization of the notch radius

The normalized stress profiles along and across the specimen and along the specimen notch for shear test have been studied by Hung and Liechti. [START_REF] Hung | Finite Element Analysis of the Arcan Specimen for Fiber Reinforced Composites under Pure Shear and Biaxial Loading[END_REF] In this section, biaxial loading boundary condition with loading angle 45 ). The radius of 3.54 mm is then adopted for the design of the Arcan specimen.

Stress evaluation of the entire fixture

Two low-friction roller bearings are adopted in the guide units to minimizing the frictional resistance. The clamping system including two fixture halves, clamping parts and high stress bolts were studied with normalized stresses against yield stresses. Figure 3.7 presents the distribution of normalized stresses in different parts. The plastic deformation is introduced as indicator reaching 1 which are the inverse of safety coefficients against plastic yielding. For fixture halves and clamping jaws, the UTS of 435 MPa for T7351 was considered.

The maximum indicator values are 0.88 and 0.37 around connecting holes for fixture halves and clamping jaws respectively. The indicator 0.88 (safety coefficient of 1.1) seems high specially in the case of cycling loading where fatigue damage can appear (for aluminium alloy the safety coefficient against fatigue considered in industry is 3). But this value is obtained locally and the applied load will never reach this value. Bolts in high class properties are highly recommended as the indicator reach 0.93 with the proofload of 1100 MPa. This coefficient is very high but as the bolts will be change regularly, no risk of plastic deformation can appear.

Mechanical Response under Biaxial Loads

The tests were performed with a electromechanical universal testing LR50K system with a 50 kN capacity load cell and a standard head displacement rate of 2 mm/min at 23±1 • C of standard laboratory condition. Shear and normal strains were extracted via DIC at the center gauge area of each specimen in ASTM and MAF tests. A series biaxial loading tests with angle step of 15 degrees were conducted, and results show that rupture was caused by fibre breakage on 1-axis for all specimens. The fibre rotation in gauge area due to boundary condition of simple shear was detected by DIC method and this effect provide us a critical strain where fibre align to the principle tensile direction to determine the ultimate shear strength. The MAF was validated with ASTM standard tests in obtaining tensile and shear properties for a twill woven epoxy-carbon composite.

Mechanical response with different loading angles

Load-displacement extracted directly from tensile machine for twill-epoxy composite with stacking [0 • /90 • ] 3s is shown in Figure 3.8. As the loading angle increased, maximum force can be reached decreased and the failure displacement increased. The main reason is combined stress state was introduced in biaxial loading. When it exceeds the material failure envelop, the material is expected to fail. The fibres in gauge area tend to rotate along the principle tensile direction. In 0 • pure tensile tests, there was no fibre rotation as all fibres were in the tensile direction. In biaxial and pure shear tests, the fibres along 1-axis tend to lengthen, inducing a tensile stress as simple shear BCs were applied. As the fibres rotate, large displacement was needed to reach the rupture. Figure 3.9 shows the failure modes captured by crack evolution and finished with tensile breakage of fibres on 1-axis. 

3.4.2

The effect of fibres rotation on ultimate strength Herakovich et al. [START_REF] Herakovich | Damage evolution in [45]s laminates with fiber rotation[END_REF] predicted a [±45 • ] s laminate for the tensile response by considering fibre rotation effect. The change of fibre orientation induced by deformation has a significant effect on the non-linear behaviour of IM7/5260 and AS4/PEEK composite laminates. [START_REF] Sun | The effect of deformation-induced change of fiber orientation on the non-linear behavior of polymeric composite laminates[END_REF] In this study, the failure mechanism modes were examined, as shown in Figure 3.9, for [0 • /90 • ] 3s woven ply laminates, it indicates that plies with fibres along 2-axis undergo a transverse damage in matrix and failed first. The plies with fibres along 1-axis rotated following with the clamp movement as fibres in these plies were clamped between the fixture, which introduced rigid body rotation and resulted in simple shear stress state. In the final state, the constrained specimen also undertaken tension as well as pure shear. The specimen ultimately failed with fibre breakage due to the tensile stress reached the axial limit of fibres. Figure 3.10 shows the simple shear effects occurred in all specimens with fibre rupture under biaxial loading. The rigid rotation angle was calculated by the difference between angle against horizontal x-axis of simple shear and DIC detected simple shear with additional rigid rotation. Four specimens under shear load with loading angle 90 • were investigated in the effects of fibre rotation. Figure 3.11 shows rigid rotation angle along with stress-strain curves of specimens labelled with AP1S25, AP5S6, AP5S7 and AP5S9. The shear strain ε 12 was selected as 2.5 % corresponding to engineering strain γ 12 5 %. As the rupture was not appeared, S 12,5% can be extracted according to ASTM D3518. However, the error between ASTM tests and MAF listed in Table 3.4 is large, it demonstrated that the shear strength derived from 5 % engineering shear strain for ASTM standard test is no more suitable for MAF. Furthermore, the fibre rotation detected via DIC increased non-linearly until it closed to shear strain of 1 % and a linear part appears. Less than shear strain ε 12 of 1 %, the mechanical response in gauge area is nearly pure shear and the shear deformation continues. The shear deformation finished as all fibres in gauge zone aligned with the tensile principle direction. In this critical point, shear deformation initiated in the rest zone between gauge area and clamping parts, which is represented by linear part of the fibre rotation curves. It can be also observed from the curly fibres outside of gauge zone along 1-axis in Figure 3.10. Therefore, S 12c derived from the critical point should be adopted as shear strength when using MAF.

Validation of MAF compared with standard tests

K. W. Gan 48 compared the uniaxial elastic modulus for glass/epoxy obtained from standard tests and a MAF. In this section, Table 3.4 shows the obtained experiment results of full material property card obtained for twill woven-ply composite. Stress concentration factor K t in elastic range for on-axis tensile load was calculated as 2.38 for the dimension of Arcan specimen adopted. Nominal tensile stress of 395 MPa was amplified to a peak stress 940 MPa compared to 847 MPa obtained with ASTM D3039 unnotched tensile testing, with an error of 9.9 %.

σ max = K t • σ nom ( 3.5) 
It can be noticed that three shear strength S 12,5% , S 12,0.2% and S 12c were used. As previously defined, S 12,5% is calculated by maximum force at or below 5 % engineering shear strain suggested by ASTM D3518, as maximum shear stress. S 12,0.2% , the offset shear strength and S 12c , the critical shear stress corresponding to the critical shear strain ε 12c in MAF tests. The results show that S 12c has good correspondence with S 12,5% from ASTM tests with an error of 3.22 % compared to 30.81 % in S 12,5% and 60.10 % in S 12,0.2% .

Conclusion

In this chapter, a work was carried out to develop a novel Modified Arcan Fixture (MAF) to conduct combined shear-tension/compression biaxial loading for fibre reinforced composites and contributes raw biaxial experimental data for woven-ply composite in different biaxial loading angles to be used to validate constitutive models. The latest version of MAF and the specimen have been investigated FEM in ABAQUS/Explicit with normalized stresses against yield stresses of each components. It proved that this solid structure has high resistance thanks to materials with superior strength adopted. Specimen dimensions were studied and optimized with notch radius of 3.54 mm to obtain the most uniform stress state as possible under biaxial loading based on FEA studies.

The full material property card obtained with the MAF for twill woven epoxy-carbon composite was validated with ASTM results. The post treatment of experimental data for MAF was done by considering the fibre rotation detected via DIC. The fibre rotation effect during test was examined in shear and data were corrected according to the fibre rotate critical point. Results are agreed with the standard test. Biaxial response of woven composite was obtained. Failure modes show that fibre breakage is the main cause for all specimens with various loading angles

The new designed MAF has several advantages:

• It is easier to obtain biaxial stress state compared to other tests such as tubular specimen which is difficult to fabricate and cruciform specimen which needs sophisticate clamping system. Also, it is an alternative to the popular off-axis specimen.

• It is inspired by V-notch rail and Iosipescu tests for shear properties and takes advantages from both fixtures.

• It consists of two fixture halves connecting with the guide units which ensure initial alignment and 10 connect holes keep the Arcan specimen in the desired loading direction before starting tests.

• The clamping jaws prevented premature damage and shear out observed around connecting holes presented in literatures.

• Combined tension(compression)/shear monotonic and fatigue tests can be conducted; The biaxial loadings can be applied easily, and angles of the applied loadings can be changed with a step of 15 degrees.

• Loading angles can be changed easily thanks to the clamping system and a series of tests can be conducted efficiently and effortless.

• Equipped with guide units to insure the in-plane stress states during quasi-static loading or fatigue loading and anti-buckling under compression.

Overview

The Modified Arcan Fixture developed in the previous chapter is used to conduct a series of tests to characterize the mechanical behaviour of twill woven carbon epoxy composites. The objectives of this chapter is to determine the behaviour of this materials under different multiaxial loadings and to determine the influence of preexisting damage due to a loading in one direction on the residual strength in another direction.

Firstly, different angles tests with the MAF to evaluate the diffused damage in shear in combination with transverse stress were conducted to compare with the results of offaxis standard specimen. Then Arcan specimens with different off-axis configurations under various loading angles were studied leading to the determination of failure envelop.

Secondly, a two steps method to investigate the effect of induced shear pre-damage on tensile properties was proposed and vice versa. In this method three stages are considered:

1. The pre-damage was induced into the optimized Arcan specimen by applying the pure shear loading under loading angle of 90-degrees.

2. The unloaded specimen was simply rotated to loading angle of 0-degree without inducing new artificial damage.

3. Tensile load was applied till the material rupture.

Local Multi-axial Stress State

Following the direction of the applied load and the stacking of the specimen, several local multi-axial stress state can be obtained with the Arcan device. Figure 4.1 depicts how multi-axial stress states can be obtained by changing loading angle and different laminate configurations with off-axis fibre orientation. The local stresses, defined in the material coordinate system, on any ply can be calculated by transforming global nominal stresses obtained by using Equation (4.1) related to loading angle α based on classical laminate theory (Equation 4.2). 

τ xy = F • sin α/A σ x = F • cos α/A (4.1)
       σ 1 σ 2 σ 12        =     cos 2 θ sin 2 θ 2 sin θ cos θ sin 2 θ cos 2 θ -2 sin θ cos θ -sin θ cos θ sin θ cos θ cos 2 θ -sin 2 θ            σ x σ y σ xy        (4.2)
Table 4.1 summarizes the different local stress states which can be obtained for the fibre orientation, θ, 0 • and 45 • and with a loading angle, α, equal to 0 • 90 • and 45 • . The comparison of different Arcan configurations are illustrated with local stresses calculated by same applied load. It can be noticed that none of them has the same stress state. Specimen with stacking sequence of [±45 • ] 3s under loading angle 0 • (case 2) and 45 • (case 6) comprised of normal and shear stress σ 11 , σ 22 and σ 12 . Shear stress is introduced for [±45 • ] 3s under tension by comparing case 1 and case 2. In shear loading, shear stress existed in case 3 but zero for case 4. Therefore, biaxial stress state especially induced shear is important and should be investigated for the twill woven carbon-epoxy composite. 

Diffuse Damage

Under biaxial tension/shear loading, the non-linear mechanical response of composite laminates is a coupling of shear and transverse behaviour. Zhai et al. [START_REF] Zhai | Temperature-dependent response of quasi-unidirectional E-glass fabric reinforced polypropylene composites under off-axis tensile loading[END_REF] have investigated off-axis tensile behaviour of temperature-dependent quasi-unidirectional E-glass fabric (quasi-UD fabric, which contains few fibres in weft direction, can improve some properties of the resulting composites such as transverse and shear properties while maintaining high performance in the prominent direction) reinforced polypropylene composites both experimentally and constitutively.

In the thesis, the non-linearity was captured by a coupled damage-plasticity model developed by Ladevèze 56 (Chapter 2). The coupling parameter accounting for shear and transverse was utilized in plastic potential function. Ref [START_REF] Hochard | Modelling of the mechanical behaviour of woven-fabric CFRP laminates up to failure[END_REF] proposed an equivalent UD laminate to identify parameters of 2D woven composite by using this CDM coupled plasticity model. The tension/shear coupling constants were presented in the equivalent thermodynamic force. A possible test in which the traction in the 0-direction on a master plate and then traction in the 45-direction on a specimen cut from the predamaged master plate was mentioned to obtain this coupling parameter (see section 2.3). The similar tests were conducted by Nouri et al. [START_REF] Nouri | An experimental investigation of the effect of shearinduced diffuse damage on transverse cracking in carbon-fiber reinforced laminates[END_REF] to investigate the effect of pre-existing diffuse damage on the evolution of transverse cracking. However, it is a difficult process to control the damage applied to the large master plate to create pre-damage evenly. Moreover, damage was carefully checked by optical microscopy and they concluded that no significant damage had been introduced by the cutting process.

Fortunately, this process can be achieved by simply rotating the loading angle of specimen when the MAF is used. For this reason, it may be useful to other researchers concerned with multi-axial testing and model validation based on coupled plasticity with anisotropic continuous damage mechanics. 2. For off-axis standard tensile specimens, off-axis angles, θ, were chosen as 0 ] 3s Arcan specimens were chosen.

3. In two steps process, Arcan specimen with stacking sequence of [0 • /90 • ] 3s was adopted. Shear preload (0 %, 120 %, 160 % and 260 % against shear strength of woven composite) was applied to create premature with loading angle of 90 • . The ultimate tensile strength of premature specimens was obtained by changing the loading angle from 90 • directly to 0 • . The same procedure was conducted from 0 • to 90 • to investigate the effect on fibre direction with pre-damage in shear.

All the tests are summarized in Appendix A and a large number of loading-unloading tests are presented with load-displacement curves.

Specimens Configurations

Off-axis tensile and Arcan specimens

The dimensions of ASTM tensile and Arcan specimens chosen for the twill woven composite studied in this work are shown in Figure 4.3. Adjustment for multidirectional laminates, fabric-based materials was done according to ASTM D6856. [START_REF]Standard Guide for Testing Fabric-Reinforced[END_REF] The Arcan specimens were cut roughly by a water jet machining system with finely grind and 10 connecting holes were drilled to match the gripping jaws and Arcan fixture halves carefully to the final dimension by hand to avoid delamination caused by the water pressure during machining. In FRP composites, this anisotropic mechanical response can be explained by the load-bearing mechanisms of specimens with different off-axis angles. For the on-axis specimens (θ = 0 • ), the stiffer reinforcing carbon fibres, which possess excellent tensile strength and stiffness, take most of the applied load. In contrast, the softer polymer matrix has much lower strength compared with the carbon fibres. Once the fibres failed, almost all the applied load will be transferred to the soft matrix, which far exceeds the strength of the matrix, resulting in catastrophic failure. Therefore, the specimens with θ = 0 • exhibit high tensile strength and low ductility at fracture.

However, due to the change of the off-axis orientation from 0 • to 45 • relative to the tensile load direction, the stiffer fibres, and the compliant matrix will share the applied tensile load. Figure 4.5 shows the typical failure of off-axis standard specimens under uni-axial loading. Initially, most of the applied load is carried by the matrix, and shear flow occurs in the matrix material even at low external load. As the loading process progresses, the matrix starts dominating the mechanical behaviour. When woven composites are subjected to off-axis tensile loading, the local shear stress in the matrix exceeds the shear strength, plastic flow occurs and the fibre bundles partially undergo stretching and realigning towards the loading direction (fibre trellising phenomenon), consequently exhibiting the large non-linear deformation response at macroscopic scales. The highest degree of fibre trellising in woven composites is observed in 45 • off-axis specimen and accounts for the large non-linear deformation response observed in the material. Let us consider a single fibre bundle with initial length l i and initial angle θ i , relative to the longitudinal axis of the tensile specimen as shown in Figure 4.6. Upon exertion of the tensile load, the section is stretched to a length l f and rotated towards the loading direction. The angle between the principal bundle axis and horizontal axis is increased to θ f at this point. The variables l i and l f can be quantified by tracking the displacement fields at positions A and B, as

l i = (x B -x A ) 2 + (y B -y A ) 2 (4.
3)

l i = (x B -x A ) 2 + (y B -y A ) 2 (4.4) = [(x B -x A ) + (u B -u A )] 2 + [(y B -y A ) + (v B -v A )] 2 (4.5)
where x i and y i represent the original coordinates at point i, respectively, and u i and v i are the longitudinal and transverse displacement components at the same point, respectively. Similarly, the angle θ, in undeformed (θ i ) and deformed (θ f ) states can be calculated as

θ i = tan -1 y B -y A x B -x A (4.6) θ f = tan -1 y B -y A x B -x A (4.7) = tan -1 (y B -y A ) + (v B -v A ) (x B -x A ) + (u B -u A ) (4.8)
The stretch ratio of the fibre bundles is specified by, δ = l f -l i l i . The rotation angle of the fibre bundles can be written as, ∆θ = θ f -θ i . To quantitatively analyse the stretching and rotation of fibre bundles, all relevant data were extracted from DIC measurements. When the off-axis angles increase, the deviation between the stretch ratio and the strain obviously becomes larger, which is attributed to the load-bearing mechanism. It is clearly observed that in contrast with the relationship between stretch ratio and off-axis angle, the rotation angles of the off-axis specimens at failure strain increase with the increasing off-axis angle. This suggests that in fibre trellising phenomenon, compared with the stretching of fibre bundles, the rotation has a dominant influence on the mechanical behaviour of this material. Here, we focus on the damage occurrence 

Comparison Tensile standard specimens and Arcan Specimens

To do a comparison between the results obtained from tensile standard specimens and Arcan specimens, the nominal stresses in the material coordinates systems have been evaluated from Equation 4.2 knowing the nominal stresses in the global coordinates system.

Off-axis tensile specimen tests

The shear and longitudinal normal stress-strain curves for twill woven epoxy-carbon composite with different off-axis angles are reported in Figure 4.10-a and Figure 4.10-c. One specimen was chosen to represent specimens of the same configuration since the deviation of results in off axis tensile tests with standard specimens is small. For woven composite studied in this paper, the stress-strain curves are illustrated with four off-axis angles configurations (13 The shear stress-strain curves were offset with x-axis from the origin to present each one clearly (Figure 4.10-a). All curves follow the same linear preliminary segment until the yield point appears and a non-liear increased until ultimate failure. The curves are in the same trend except for the different actual rupture shear strain. Under biaxial stress state induced by off-axis configuration, the failure occurred when transverse stress reached the limit through fibre direction. The strength and failure characteristics under combined effect of in-plane shear and tensile longitudinal normal stresses deteriorates even more. The rupture shear strain for off-axis angles of 13 • and 15 • were 10 % and 11 %, where as for 22.5 • and 45 • were 17.5 % and 16 %. It indicated that rupture appeared early when less off-axis angle was adopted and the failure depends on tensile rupture in fibre direction (Figure 4.10-c). It is noticed that ultimate tensile strain was 1.3 % for on-axis specimen (Figure 4.10-c). The longitudinal normal stress-strain curves presented a short linear phase up to 0.05 % followed by highly non-linear regions. zone were measured with DIC method. It is worth to mention that three phases were observed, which are elastic linear segment and a non-linear phase corresponding to diffuse damage and plasticity followed by a linear region at the end. This last linear region is more evident with higher incline degree in the cases of larger loading angles (60 • , 75 • and 90 • ). From the offset stress-strain curves, it is noticed that first two phases presented the same trend with the same shear modulus around 5.5 GPa, which are relatively higher than the one obtained form standard specimen (4.6 GPa). Highs strength (89 MPa for 90 • ) with Arcan specimens were noticed with shear engineering strain of 5 % (2.5 % on Figure 4.10-b). One reason is that stress was located in the last linear segment under this strain. As a simple shear rather than pure shear boundary condition was imposed, the fibre rotation in Arcan specimen between the clamping jaws occurred. The failure modes for Arcan specimens were fibre breakage perpendicular to the 1-axis. The rupture true shear strains reached even as high as 20 % within specimen with loading angle of 90-degree due to this effect. As decreasing the loading angle, shear strains decreased as 7.4 %(75 The strengths for Arcan specimen with larger loading angle were lower than their counterparts with small loading angle.

Failure envelop

Under biaxial stress state, the material failure depends on combined shear and longitudinal normal stresses, With the induced shear stresses, rupture appears early. The failure envelops corresponding to failure points were reported for the off-axis standard specimen and Arcan specimen respectively (see Figure 4.11). The stresses within off-axis standard specimens were calculated by transferring global coordinate system to local one. For Arcan specimen, the stresses were decomposed according to the loading angle directly (Equation 4.1). As here the stacking sequence [0 • /90 • ] 3s was utilized, local transformation were not necessary. Due to the symmetrical properties of woven composite adopted in this work, the failure points for off-axis standard specimen were located in the up-left region where closed to pure shear strength. A full failure envelop in first quadrant were obtained with three Arcan specimens in each loading angle. The high failure shear stress in Arcan specimen and high failure longitudinal normal stress within off-axis standard specimens reveal that a correction should be conducted in terms of material characteristic due to the geometry effect.

According to chapter 3, the tensile stress should be multiplied by the stress concentration factor K t (2.38) and the shear stress should be selected corresponding to 1% of shear strain. However, the stress corresponding to 1% of shear strain investigate on Arcan specimen under loading angle of 90 • may not suitable to characterize Arcan specimen under various loading angles. Therefore, rotation angles of fibre bundles were calculated with fibre elongation help of DIC. Figure 4.12 shows that the changes of slope can be observed in each fibre rotation-load curves, and this phenomenon is more obvious under larger loading angle. This change of slope is due to the damage mechanism of Arcan specimen. Under biaxial loading conditions, the mechanical behaviour of Arcan specimen can be characterize by the combination of tensile and shear stresses, σ 11 and σ 12 only before the change of slope. As the increase of applied load, damage mechanism under combined stresses holds no more due to the fibre rotation resulting from large deformation. The final rupture of Arcan specimen under biaxial loads is mainly because the stretched fibre bundles along tensile direction reach the limit. An intersection can be found by fitting the two segments on fibre rotation-load curve. The applied loads near the intersection were selected to calculated the decomposed tensile and shear stresses, σ 11 and σ 12 , in which the effect of fibre rotation on Arcan specimen under biaxial loads is considered.

The recently proposed Northwestern University's (NU) theory for textile composites can be rewritten as follows: 111

σ 12 = S 12f 1 - 2G 12 E 22 S 12 σ 22 (4.9)
The NU theory is described purely by the mechanical properties presented in Table 2.2 

Pre-damaged Arcan Specimens Study

In this section, two groups of Arcan specimens with stacking sequence of [0 • /90 • ] 3s were arranged to investigate the effect of diffused damage by fibre/matrix de-bonding and matrix micro-cracks in stress-strain response. Thanks to the MAF equipped with clamping unit, same specimens can be unmounted and rotated at an certain angle after a predefined load has been applied without introducing new artificial damage in it. In the first group, tensile behaviour of the specimens with pre-damage in shear were compared with the undamaged one (Figure 4.15-b). Three preload levels (correspond to 120 %, 160 % and 260 % against obtained ASTM maximum strength) were defined to apply under the loading angle of 90 • (Figure 4.15-a), which induced damage to the specimens. In each load level, three specimens were used to evaluate the scatter results. As there was no fibre rotation involved under 120 % preload in shear, the diffused damage was presented by transverse matrix cracking along 2-axis and thus degraded the elastic modulus. Furthermore, the diffused damage including fibre/matrix debonding along 1-axis was induced as the increase of preload in shear due to the fibre rotation. This damage can be represented by specimens with preload level of 160 % and 260 %. The elastic modulus are 29.8 GPa and 28.6 GPa. In this stage, preload level in shear has less effect on the tensile behaviour as damage has been fully developed. The degradation of tensile modulus and UTS is discussed in section 4.7.3.

Pre-damage in tensile

The same two steps process was conducted to evaluate the effect on shear behaviour by inducing pre-damage with tensile preload. Arcan specimens were unloaded with predefined tensile loads under loading angle 0 • and rotated to 90 • . Shear stress-strain curves were obtained and reported in Figure 4.16 with two typical specimens compared to the one without applying preload. Preload in tensile corresponding to 162 MPa and 258 MPa compared to UTS of 405 MPa were performed. The shear stress-strain profiles obtained at second step follow each other closely in addition to the monotonic shear test curve. It implies that no diffused damage was introduced into the specimens. The reason is that under preload level of 64 % in tensile direction, the normal strain ε 11 extracted was around 0.41 %. Tensile response remained elastic in this range, and no matrix crack appeared. 

Stiffness and strength properties

The elastic modulus with respect to off-axis angles E x obtained with premature specimens under 120 %, 160 % and 260 % preload levels are summarized in Figure 4.17a. It is evident that the large degradation of E x was observed with respect to the higher preload level. It is also obvious to remark that high data dispersion was found in this [0 • /90 • ] 3s woven ply composite due to the defects within the fabrics. The elastic modulus were only 84 %, 70 % and 62 % of the one of specimen without pre-damage at 120 %, 160 % and 260 %. The induced diffused damage of fibre/matrix debonding and matrix cracking in weft and warp during first shear step was the main reason of the degradation. The UTSs with pre-damaged specimens were reported in Figure 4.17 preload levels compared to the pristine one. A significant decrease of the UTSs were found as the pre-damage was introduced. Particularly, the measured degradation of UTSs were closed to each other regardless of the preload levels applied, which were found around 75 % of the pristine sample. It reveals that full diffused damage were fully induced and the UTS was only depended on the tensile limit of longitudinal fibres.

Conclusion

A modified Arcan fixture was developed in this work for the purpose of generating in-plane biaxial stress state. The experimental study on mechanical properties of twill/epoxy woven-ply composite is presented. The results shows that versatile types of experiments were conducted and reliable data was acquired with this robust MAF. A large series of samples were tested effortlessly thanks to the new angle changing system with additional clamping jaws equipped. The shear out damage around connecting holes on optimized Arcan specimens were not found thanks to stress dispersed with the knurl pattern surface on jaws.

Normal and shear stresses were extracted and reported separately for off-axis standard specimens and Arcan specimens under various loading angles. The results showed that the rupture shear stress of Arcan specimen is higher than the standard specimen due to the fibre rotation effect under simple shear boundary conditions. Two steps process was proposed to investigate the material strength degradation as well as the modulus with premature Arcan specimens. The capability of two steps tests by changing loading angles with the MAF to introduce diffused damage in shear and tensile was reported. Damage outside of the gauge zone was not found. The experimental results showed that the tensile elastic moduli degrade with respect to shear preload levels. The UTSs degrade to a same level lower than the on-axis ones regardless of the preload applied.

Off-axis Arcan specimens as well as the ones under different loading angles were investigated. Particularly the ones with [±45 • ] 3s and [0 • /90 • ] 3s was compared. Local stress states for the two configurations were examined and experimental results shows that biaxial stress states especially induced shear is important and leading to the degradation of material properties.

This proposed modification of the Arcan fixture lies in its potential capability to not only apply tension/shear but also compression/shear loading in a relatively inexpensive way. In addition, this experimental set-up can be used in fatigue testing to appraise the effect of diffused damage on fatigue life under biaxial stress states.

Overview

In this chapter, the constitutive model implemented and validated in chapter 2 is used to study damage accumulation in specimen under multi-axial loading conditions. Open Hole Tensile (OHT) specimen and Arcan specimen are investigated in terms of load-displacement curves compared to experimental results and strain field calculated via DIC at different load levels.

The calculation was done with ABAQUS/Explicit with the help of VUMAT subroutine. A 2D composite laminate layup modelling is considered with conventional shell element type. For all the simulations, linear quadrilateral element S4R and triangular S3R are used. As the damage model does not considering the time-dependent effect(strain rate and visco-elasticity), the prescribed displacement in the numerical simulation is assumed to increase with a smooth amplitude from 0 to 1 to insure the quasi static modelling in ABAQUS/Explicit. The material properties adopted are presented in Table 2.2 with damage and hardening parameters for implemented model are reported in Table 2.3.

Damage evolution in shear is examined as well as the fibre breakage at the rupture point. Mesh sensitivity is studied by performing numerical simulation on off-axis specimen and Arcan specimen respectively. Different approximate element size was used to mesh the off-axis specimen with stacking [15 • /-75 • ] 3s , and the nominal stress-strain curves were obtained. Furthermore, comparison of mesh control methods were applied on Arcan specimen with stacking of [±45 • ] 3s to study the final failure modes. Lastly, OHT and Arcan specimens were studied with the model developed, results shows that the mechanical behaviours of the composite can be very accurately determined by using the two independent testing techniques.

Mesh Sensitivity

The results obtained from FEA are very sensitive and even more when non linearities appears. In this case, the quality of the mesh can lead to a premature plastic yielding or damage occurrence. There are two main aspects that can affect the mesh quality: the element size and meshing method control. Off-axis specimen with stacking [15 • /-75 • ] 3s is adopted to study the influence of element size. Unlike the rectangle tensile specimen, different mesh forms can affect the simulated results in Arcan specimen as geometrical non-linearity is introduced. Therefore, Arcan specimen with stacking of [±45 • ] 3s under shear with loading angle 90-degree was simulated to present the final failure modes depending on different meshing control techniques. 

5.2.1

The effect of element size All the stress-strain curves follow the trend of experimental results well except the point of fibre breakage. It can be seen that rupture appears more early when smaller approximate element size is adopted. Numerical model with approximate element size of 0.75 mm reaches 0.7 % nominal strain with a failure stress of 120 MPa, 1 mm 0.96 % with 136 MPa, 1.5 mm 1.52 % with 151 MPa and 2 mm 1.85 % with 164 MPa.

The contours of damage parameter d 12 at the frame of final failure are shown in Figure 5.2. The approximate element sizes adopted are corresponding to the ones in nominal stress-strain curves. The fibre breakage initiate at the edge between gauge section and end-tab closed to the loading applied side. fibre breakage begin with a perpendicular direction with axial loading and followed the direction of damaged region with high shear damage. The elements were deleted as fibre bundles reach its limit of elongation. As the element size increased, the deleted region is larger as well as the deleted element at the initiation.

As mentioned before, crack saturation is often observed in woven composites. shows that this saturation defined with damage evolution laws at a maximum value of 0.647 can be reached in the model with larger element size, because these models can undergo a higher stress level compared to the ones with smaller element size.

The effect of meshing method

Arcan specimen with stacking [±45] 3s under shear loading condition were studied in terms of different meshing control methods. Because the effects of slip in the grips are not considered in the simulation, the prescribed displacement in the numerical model cannot be compared directly with the applied displacement in experiments. [START_REF] Van Paepegem | Modelling the nonlinear shear stress-strain response of glass fibre-reinforced composites. Part II: Model development and finite element simulations[END_REF] The load-displacement curves present experimental result compared with simulated ones with two different meshing techniques: free and sweep control (Figure 5.4). The same element size is used for the both meshing techniques. The experimental one show non-linear response before the rupture, however, the model results show nearly linear elastic till the rupture. The different between simulated results is that model meshed with sweep control present slightly higher failure load of 14.9 kN compared to the one of 14.1 kN with free mesh control (difference less than 6 %). The shear strain field calculated within FEM are in good agreement with the one recorded via DIC. Three loading levels (6 kN, 12 kN and final failure) were chosen to investigate the shear strain field. The maximum engineering shear strain γ 12 obtained within FEM are 1.1 %, 2.7 % and 7.8 % at these loading levels, compared to the shear strain ε 12 via DIC 0.6 %, 1.0 % and 3.5 %. Another influence of mesh control method is presented in Figure 5.3. The crack evolution in these two models is quite different. Compared to the pictures captured via DIC at the final failure point, the form of crack with sweep mesh control is in a good accordance with fibre breakage in the notch root area with 45-degree along the fibre direction. It can be noticed that two models present the same response before fibre breakage appears. In the following simulations, sweep mesh control is used. 

Model Validation with OHT

Tests had also been performed on Open Hole specimens. Figure 5.5 shows the OHT specimen adopted. The material properties evaluated in chapter 2 (Tables 2.2 and 2.3) were adopted for all the simulations performed in this chapter. A comparison of simulation results and experimental test data is presented in Figure 5.6. An excellent agreement in FEM and experiment data was shown for the [0 • /90 • ] 3s and [±45 • ] 3s specimens. The load and displacement were directly extracted from tensile machine for the experiments and displacement controlled reference point for numerical simulations.

The model was partitioned into three part considering the center hole in the gauge area. Different meshing control structured method was utilized in the area around the center hole. Approximate mesh size was chosen as 1 mm on the hole edge, leading to a total number of 2,169 linear quadrilateral element S4R and total number of variables 14,046 in the model.

[0

• /90 • ] 3s specimen
Twill woven epoxy-carbon composite with stacking [0 • /90 • ] 3s shows a linear elastic mechanical response. The highest failure load can be reached for this OHT specimen is 27 kN compared to 40 kN of tensile specimen. The effective width in OHT specimen is 83 % of the standard tensile specimen. However, the ratio between failure load in OHT and standard tensile specimen is 67.5 %. It implies that stress concentration and damage accumulation in the composite contributed to the rapid deterioration. Figure 5.7 shows the strain field contours obtained from simulation and DIC respectively. The output frame was chosen at the load stage of 15 kN, 55 % of the failure load. The maximum longitudinal and transverse strains were found on the edge of open hole for both with values of 0.86 % and 0.32 %, which is slightly different with the experimental results of 0.862 % and 0.279 %. However, the shear strain calculated with FEM is much higher than the experimental one as two times in the maximum value. One possible reason may be the points on the edge of open hole were removed in the post-treatment of DIC. Therefore, the shear stains in derived from recorded pictures were underestimated.

[±45 • ] 3s specimen

Highly non-linear load-displacement curves for [±45 • ] 3s are shown in Figure 5.6. The coupled plasticity-damage constitutive model developed in chapter 2 to characterize the woven ply laminate shows excellent prediction capability with comparing to the experimental result on [±45 • ] 3s specimen. Three segments of the curve accounting for mechanical response was perfectly predicted and presented with the numerical model. A short linear phase with non-linear part till the damage saturation point, followed by a linear segment due to fibre rotation effect.

Similarly, the strain field contours are also compared in simulation and DIC results under 6 kN with 80 % loading level (see Figure 5.8). The configuration of shear strain fields predicted by FEM is in highly correspondence with results calculated from DIC with shear strain of 0.7 % crossing the center hole and along the fibre directions.

From the shear damage parameter d 12 (figure 5.9) we can see that a damage occurs firstly closed to the hole, then the damage propagates along the fiber direction and then saturation was achieved in the last stage, corresponding to the transfer point from second to third phase on the load-displacement curve.

Model Validation with Arcan

To fully exploit the capability of the developed constitutive model, we considered the simulations focused on Arcan specimens under different multi-axial stress states with geometry non-linearity induced.

In this work, the dimension has been chosen in accordance with the optimal Arcan specimen adopted in experiments: l = 40.9 mm, d = 25 mm, r = 3.54 mm. The thickness of each ply is 0.2 mm (h = 2.4 mm) for the laminate configuration [0 • /90 • ] 3s where total of 12 plies are embedded. Same input parameters were passed in the user defined subroutine. A displacement controlled boundary condition with an angle α was used to impose the multi axial stress states, as shown in Figure 5.10. 

Tensile and shear loads

Three specimens in same configuration and loading angle were chosen to perform the tests and only one specimen per series is illustrated for clarity purposes. Nearly linear response was found in load-displacement curves obtained with small loading angle 0 • and 15 • (see Figure 5.11-a). The decrease of the curve slope can be found in both experimental and simulated results with the increase of loading angle. The induced shear load is crucial in the composite mechanical performance. The total displacement for specimen under loading angle 15 • is 0.19 mm, which is slightly higher than the on-axis one with 0.18 mm. Under small loading angles, the ultimate failure force and displacement are still dominated by the on-axis properties, which leads to linear response with a small failure displacement. carbon composite. This mechanical behaviour presented in load-displacement form is similar to the one obtained within uni-axial tensile test on [±45 • ] 3s specimen suggested by ASTM D3518. It can be noticed that the model simulated results follow the experimental one perfectly till the displacement reaches 1 mm with a sudden drop. When inspecting the damage parameter, the fibre breakage initiation was found in the notch area. This sudden drop presented in load-displacement curve is due to the elongation of limit of on-axis fibre was reached and the elements were deleted (Figure 5.12). As fibre rotation was not considered in the constitutive model, final failure appears much early than in the experiments.

Biaxial loading conditions

Load-displacement curves with loading angle 30 • , 45 • , 60 • and 75 • are shown in Figure 5.13. Higher displacement with lower failure forces are found in Arcan specimens with smaller loading angles in both simulations and experiments.

It can be seen that for each loading angle the simulated results are in good accordance with the experimental ones until the damage saturation achieved. The displacements at this moment are 0.029, 0.066, 0.09 and 0.22 respectively for specimens with loading angle 30 • , 45 • , 60 • and 75 • . The failure mechanism considering fibre rotation dominate the third segment presented in a linear response till final failure. Similar to the comparison of shear response in Figure 5.11-b, the effect of fibre rotation was not taken into account in numerical model, resulting to the rupture with a smaller displacement. It should also be reminded that all the specimen have not been cut from the plate and The error presented in Figure 5.14 increases as the loading angle increased with 0.33 %, 0.17 %, 3 %, 2.35 %, 13.79 %, 41.34 % and 58.58 % for 0 • , 15 

Constitutive Model with Full Damage Parameters

Above results for biaxial Arcan specimen cannot be fully demonstrated by the model developed in chapter 2. It can be noticed that the non-linearity in stress-strain curves results from diffuse damage introduced by shear stress (Figure 5.13). Also as presented in chapter 4, Figure 4.15 illustrates the effect of pre-damage induced by shear on the (5.1)

where c is ply coefficient depends on material mechanical properties and weave parameters.

The longitudinal and transverse damage is taken to be proportional to the shear damage with ply coefficient c equal to 0.6. Details of the identification procedure with the help of proposed two step test (Chapter 4) are given in the next section.

On-axis damage evolution

The effect of pre-damage on the degradation of mechanical properties was evaluated experimentally by using the proposed two-step testing method with the MAF. The damage was generated in the first loading shear (tension) step, and mechanical behaviour of same specimen under tension (shear) by changing the loading angles with preserved shear (tensile) damage. It is clear that pre-damage induced by tensile stress has nearly no influence on the shear properties in second step test. However, the preserved shear damage highly affects the tensile properties. As balanced twill woven composite is studied in this work, the assumption of same pre-damage on weft and warp direction was considered, which leads to Equation (5.1).

Shear damage from first loading step introduce microcracks in yarns, matrix cracking and interface debonding. The lacking of constraint from matrix along the loading direction results in release of the undulation of yarns. When the shear load in first loading step reach level of 160 %, the on-axis damage reach a saturation as well as shear damage. At this moment, tensile response in second tensile loading step maintains the same because crack saturation is reached and the applied tension is undertaken by the on-axis fibres. For this reason, an intermediate shear loading level in first step was chosen as 120 % because no saturation was found experimentally ( The identification of full damage model was conducted numerically with the constitutive law implemented in VUMAT. Two step process was performed in ABAQUS/Explicit. Load control with loading level of 3.6 kN (120 %) was applied on the Arcan specimen with loading angle 90 • to create diffuse damage and the simulation passed to the second step with displacement control with loading angle 0 • . The objective is to fit the tensile stress-strain curves to the experimental ones with different ply coefficient c. Figure 5.15 shows that simulated tensile stress-strain response for pre-damaged shear specimen has an excellent agreement with the experimental one with ply coefficient c equal to 0.6.

Full damage model for Arcan

The biaxial mechanical behaviour of Arcan specimen [0 • /90 • ] 3s was calculated with the full damage model considering diffuse damage. Load-displacement curves for loading angle 30 • , 45 • , 60 • and 75 • are presented in Figure 5.16 compared to the old one in Figure 5.13.

It can be noticed that the improved results have a better accordance with the experimental ones. Each load-displacement curve follows experimental one with corresponding loading angle. The non-linearity results from plasticity and full damage accumulation in which the effect of shear diffuse damage on on-axis direction is considered. The difference in simulated results presented in Figure 5.16 and 5.13 is mainly due to the on-axis damage evolution. The decrease of slop in load-displacement results from the degradation in tensile properties in yarn direction.

Conclusion

The numerical simulation was conducted with the coupled damage-plastic constitutive model developed in chapter 2. Input parameters are adopted from the model identification chapter. FEA was focused on multi-axial stress states. Two different types of tests, OHT and Arcan tests, were simulated. The effect of mesh sensitivity in terms of element size and meshing method on the mechanical response of twill woven epoxy-carbon composites were discussed.

A full damage model considering diffuse damage induced by shear was developed and validated with on-axis damage proportional to the shear damage. The proposed two step test was used for identification of ply coefficient c and biaxial loading test was adopted to validate the improved full damage model. The simulated results have good agreement with experiments.

Conclusion

A numerical framework for the modelling of the damage in 2D twill woven epoxycarbon composite materials has been developed and validated compared to the standard experimental results and used to evaluate its mechanical behaviour under multiaxial stress states. Two objectives of this thesis were achieved: (1) developing a coupled damage-plastic constitutive model to characterize the highly non-linear mechanical response of woven composite with proper damage accumulation and hardening laws and (2) designing and optimizing a novel modified Arcan fixture and specimen to perform biaxial tests with different ratios of tensile and shear loads. The coupled damage-plastic model and MAF can be easily used in predicting the mechanical properties of industrial composite structures and provide us reliable multiaxial experimental data.

Chapter 2 presents a coupled damage-plastic constitutive model accounting for woven composites based on the framework of CDM developed by Ladevèze research team in Cachan. In order to adapt the model to woven composite, proper modification has been made in terms of damage and plastic evolutions. The damage accumulation with different damage master fitting curves such as linear, exponential, logarithm and polynomial functions were investigated and polynomial function was final adopted according to the experimental derived data. The plasticity is characterized by using linear isotropic hardening in accordance with experimental observation. In this Chapter, woven composite was fabricated by using vacuum infusion process, and characterized by adopting ASTM standard tests. A full material card was obtained and constitutive model was identified and validated by implemented in ABAQUS/Explicit. It proves that this is one of the promising method with physic rigorous which can be manipulated in industrial applications to predict non-linear mechanical responses without efforts.

Another contribution of this work is developing a robust MAF to perform and provide reliable experimental data of biaxial loading test (chapter 3). Multi-axial stress states are obtained in a relatively simple and practical way by changing material configuration and biaxial loading angle. The capability of MAF has been evaluated in ABAQUS/Explicit with elastic properties for each components as well as experiments under different loading angles. Quasi static loading conditions have been carefully controlled in ABAQUS/Explicit with considering smooth step amplitude, model frequency and time period of calculation etc. The stress uniformity in the gauge area on Arcan specimen was investigated under biaxial loads numerically. Experimental results were obtained and corrected by considering the stress concentration factor for V-notch and the effect of fibre rotation. A material card obtained with MAF was obtained and compared to the one with standard tests presented in Chapter 2.

Finally, a wide range of mechanical tests to generate internal multi-axial stress states were conducted. The tensile and Arcan specimen with uni-axial tensile loads with off-axis fibre orientation configuration were examined. Arcan specimens with different loading angles and different off-axis fibre orientations. Specially, a two step loading process was introduced to study the damage coupling effects with MAF by loading in tensile direction to create pre-damage and then loading in shear direction and vice versa to investigate the failure. Chapter 5 compares the experimental results with simulated ones. Off-axis, OHT and Arcan specimens were studied respectively and damage accumulation was presented by using the developed constitutive model. All the input parameters derived from identification section of Chapter 2 were passed in VUMAT. A full damage model considering diffuse damage induced by shear was developed and validated with on-axis damage proportional to the shear damage. The excellent accordance of simulated and experimental results shows that the constitutive model is an efficient, powerful and useful tool for future research analysis and design of composite structure.

Perspectives

The following perspectives can be proposed :

Coupled damage-plastic constitutive model

• Damage mechanism has to be fully understood and pre-damage of shear on the degradation of on-axis properties has to be taken into consideration.

• The third phase of linear response should be represented by implement the effect of fibre rotation as well as the hardening.

• Time-dependent effects (strain-rate, visco-elasticity) should be considered in the damage model to full describe the time influence from the experiments.

• Kinematic hardening model should be implemented to the hysteresis behaviour under loading and reverse unloading and further used in fatigue applications with compression involved.

• This model can be applied to textile composites with complex micro-structures considered yarn undulation and weave pattern, However, the equivalent laminate should be properly designed according to the yarn properties.

Multiaxial experimental tests

• Results obtained from Arcan testing fixture must be studied in depth to propose some rules to obtain the failure envelop under multiaxial loading.

• Fibre rotation detect technique and damage in-situ monitoring techniques should be developed and integrated.

• Deep analysis of the applicability of existing standards and the development of new methods for multiaxial testing of textile composites are the tasks of the future. Besides, there is very little information about multiaxial fatigue testing. 
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 2 Figure 1.1-b). Also, Fibre Reinforced Polymer (FRP) composite materials have been widely used in wind (Figure 1.1-d) and construction engineering (Figure 1.1-c) over the last decades as composite materials are designated to be fatigue-insensitive.[START_REF] Vassilopoulos | Fatigue Life Prediction of Composites and Composite Structures[END_REF] 
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 1 14 shows the longitudinal, transverse and shear behaviours of FRPs. Both damage and plastic mechanisms appeared together in transverse and shear. Therefore, neither plasticity nor damage model would be sufficient. Instead, the coupled model of plasticity and damage should be developed and considered. In cyclic loading, both irreversible, plastic deformation and change of elastic response can be observed. A scheme of decoupling the computations carried out on plasticity component with respect to those which are carried out on damage component is presented in Ref.59 
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 115 Figure 1.15: Shear characterization of: (a) picture frame shear, (b) rail shear and (c) Iosipescu shear test fixtures.
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 116 Figure 1.16: Modified Wyoming Iosipescu shear test fixtures and specimen.82
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 117 Figure1.17: First modified rail shear test fixture with gripping plates.[START_REF] Hussain | Experimental evaluation of the Wyoming-modified two-rail shear test method for composite materials[END_REF] 
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 210 Figure 2.10: Flowchart of computational procedure for the damage evolution coupled with plasticity model.
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 2 Figure 2.12 shows the internal damage variable d 12 calculated directly with degradation
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 213 Figure 2.13: The hardening curve derived from loading-unloading test of the twill woven epoxy-carbon composite with stacking [±45 • ] 3s .
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 104121 had used the classical exponential law, called delay law. Depends on the derived results from experimental data presented in Figure 2.12 and Figure 2.13, polynomial function fit for damage evolution and linear hardening law were chosen as Johnson: Y eq ) 2 + b 2 Y eq + b 3 + (2.18) b 1 , b 2 and b 3 are material constants obtained by fitting experimental data σy
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 215 Figure 2.15: Changes in the stress-strain behaviour with various hardening coupling parameters.

  Figure 2.16 shows the finite element model with prescribed boundary conditions. A reference point was connected to one end tab by using multi-point constraints. A displacement was imposed to the reference point to apply tensile loading. The approximate element size was chosen as 2 mm resulting in a total number of 1,625 linear quadrilateral element of type S4R. The other end tab of the tensile specimen was encastred. To validate the model, two stacking sequence [0 • /90 • ] 3s and [±45 • ] 3s confirmed with the ASTM D3039 and D3518 were considered. The thickness of each ply was calculated as 0.208 mm. The directions of weft and warp yarns are 1-axis and 2-axis represented with a local coordinate system.

Figure 2 . 16 :

 216 Figure 2.16: Finite element model with boundary conditions on the epoxy/twill wovenply laminate with stacking [0 • /90 • ] 3s and [±45 • ] 3s .

Figure 2 . 17 :

 217 Figure 2.17: Model validation for a tensile test on the twill woven epoxy-carbon composite with stacking [0 • /90 • ] 3s .

Figure 2 . 18 :

 218 Figure 2.18: Model validation for a tensile test on the twill woven epoxy-carbon composite with stacking [±45 • ] 3s for the first 6% of strain.

Figure 2 . 19 :

 219 Figure 2.19: Evolution of shear stress, damage parameter d
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 2202424 Figure 2.20: Stress-strain curves for a tensile test on [0 • /90 • ] 3s , [15 • /-75 • ] 3s , [22.5 • /-67.5 • ] 3s and [±45 • ] 3s laminates.

Figure 2 . 21 :

 221 Figure 2.21: The shear stress-strain curves of the twill woven epoxy-carbon composite with stacking [±45 • ] 3s under loading-unloading.

Figure 2 . 22 :

 222 Figure 2.22: The shear stress-strain curves of the twill woven epoxy-carbon composite with stacking [15 • /-75 • ] 3s under loading-unloading.

Figure 3 .

 3 Figure 3.1 shows the modified Arcan clamp system and the butterfly shaped specimen.Compared with the original one proposed by Arcan et al.,[START_REF] Arcan | The iosipescu shear test as applied to composite materials: Discussion[END_REF] the modified test fixture is equipped with guide units that increased the stiffness of the apparatus. Two guide columns were considered to prevent the bending during the test to insure in-plane stress states. With the designed slideways, specimens can be mounted without handling difficulties, besides, the misalignments were eliminated during the tests. Low-friction slideways are suggested by using commercially available clearance-free guide units with a high accuracy grade linear bushings SM16GU, and shaft diameter was chosen as 16

Figure 3 . 1 :

 31 Figure 3.1: Modified Arcan clamp system and specimen.

Figure 3 . 2 :

 32 Figure 3.2: Optimized dimension of Arcan specimen for the balanced twill composite.

Figure 3 . 3 :

 33 Figure 3.3: Boundary conditions and contact pairs adopted in Arcan fixture model.

Figure 3 . 4 :

 34 Figure 3.4: Out of plane normal stress σ 33 in the specimen clamping area with a uniform bolt torque of (a) 11.1 Nm and (b) 18.8 Nm.

Figure 3 . 5 :

 35 Figure 3.5: Local stress along fibres σ 11 of the Arcan specimen: end of (a) preload step and (b) tensile loading.

7 ,

 7 C 2u =-7.2, C 3u = 3.9, C 4u = -1.38, C 1 =-1.44, C 2 =2.22, C 3 = 0.13. h=19 mm and D=63 mm are the dimensions of Arcan specimen which can be found in Figure 3.2.

Figure 3 . 6 :

 36 Figure 3.6: Arcan specimen with stacking [0 • /90 • ] 3s and notch angle 90 • under biaxial loading angle of 45 • : (a) normalized shear stresses along the gauge length with various notch radius and (b) Shear strain ε 12 extracted via DIC with notch radius 3.54 mm.

Figure 3 . 7 :

 37 Figure 3.7: Normalized von Mises stress by using yield stresses of T7351 and bolts property class of 12 when stress σ 11 at notch of Arcan specimen reaches 1306 MPa.

Figure 3 . 8 :

 38 Figure 3.8: Experimental load-displacement curves of different biaxial loading angles for [0 • /90 • ] 3s Arcan specimens.

Figure 3 . 9 :

 39 Figure 3.9: Failure modes corresponding to the biaxial loading angles for [0 • /90 • ] 3s Arcan specimens in the gauge zone.

Figure 3 . 10 :

 310 Figure 3.10: Pure shear, simple shear and rigid rotation of plies with 0-degree fibres in a simple shear specimen of [0 • /90 • ] 3s .

Figure 3 . 11 :

 311 Figure 3.11: Rigid rotation angle with stress-strain curves of simple shear specimen of [0 • /90 • ] 3s .

Figure 4 . 1 :

 41 Figure 4.1: Local stresses transformation for Arcan specimen with off-axis fibre orientation θ under loading angle α.

Table 4 . 1 :

 41 Nominal stress states for [0 • /90 • ] 3s and [±45 • ] 3s Arcan specimens under tension, shear and 45-degrees biaxial loading in global and material coordinates systems

39 , 60 4. 4

 39604 Experimental ProcedureTests were performed with a servo electromechanical LR50K test system with a loadcell of 50 kN capacity and a standard head displacement rate of 2 mm/min at 23±1 • C of standard laboratory condition. Shear and normal strains were extracted via commercial Digital Image Correlation software VIC-2D R at the center gauge area of each specimen as shown in Figure4.2.

Figure 4 . 2 :

 42 Figure 4.2: DIC setup with the MAF.

1 .

 1 Arcan specimen with stacking of [0 • /90 • ] 3s and [±45 • ] 3s were studied under different loading angle, α. To compare with the standard off-axis specimen, Arcan specimens with off-axis angle, θ, 15 • , 30 • and 45 • were used (Figure 4.3).

Figure 4 . 3 :

 43 Figure 4.3: Dimension of specimens with fibre orientation of θ for ASTM standard and the MAF tests.
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 6461 Multiaxial Loadings Applied to Arcan Specimens Off-axis tensile standard tests

Figure 4 .

 4 Figure 4.4 illustrates the tensile stress-strain curves of the tested specimens with different fibre orientations. The nominal tensile stress (σ L ) was determined by dividing the applied load by the cross-sectional area, and the tensile strain was obtained by averaging the full-field axial strain component (ε L ) extracted from DIC at mesoscale. A remarkable nonlinear response from the off-axis specimens is clearly visible. As the loading progresses, a significant knee feature is observed in the curves of off-axis specimens (θ = 0 • , 13 • , 15 • , 22.5 • and 45 • , reflecting the reduction of material stiffness. Meanwhile, elastic modulus and tensile strength significantly drop with the fibre orientation change from 0 • to 45• . However, the knee-feature phenomenon does not occur in the on-axis (θ = 0 • ) case. The on-axis stress-strain curve is monotonically linear and smooth up to failure.

Figure 4 . 4 :

 44 Figure 4.4: The axial tensile stress-strain curves of off-axis standard specimens.

Figure 4 . 5 :

 45 Figure 4.5: Typical failure modes of off-axis specimens of ASTM test with fibre orientation of 45 • ,22.5 • , 15 • and 13 • .

Figure 4 . 6 :

 46 Figure 4.6: Schematic configurations of a single longitudinal tow, before and after application of the tensile load.

Figure 4 .

 4 Figure 4.7 shows the stretch ratio and the variation of the rotation angle of fibre bundles with the increase of the global axial strain. With the increase of the global strain, the stretch ratios of all specimens exhibit approximately monotonic linear response. When the off-axis angles increase, the deviation between the stretch ratio and the strain obviously becomes larger, which is attributed to the load-bearing mechanism. It is clearly observed that in contrast with the relationship between stretch ratio and off-axis angle, the rotation angles of the off-axis specimens at failure strain increase with the increasing off-axis angle. This suggests that in fibre trellising phenomenon, compared with the stretching of fibre bundles, the rotation has a dominant influence on the mechanical behaviour of this material. Here, we focus on the damage occurrence

Figure 4 . 8 :

 48 Figure 4.8: Load-displacement of Arcan specimen with (a) stacking [±45 • ] 3s and (b) [0 • /90 • ] 3s .

Figure 4 . 9 :

 49 Figure 4.9: Stress-strain curves of off-axis Arcan specimen under tension.
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 632 Arcan specimen [0 • /90 • ] 3s with different loading angles Three Arcan specimens under each loading angle were used to evaluate the scatter in the results. Here as for off-axis standard specimen, tests under each loading angle were represented by the same configuration because small fluctuation were observed.

Figure 4 .

 4 10-b shows the shear stress-strain curves of Arcan specimens with different loading angles. The shear stresses were calculated with force obtained from the hydraulic tensile machine with loading angle α. The average strains in the gauge

Figure 4 . 10 :

 410 Figure 4.10: Stress-strain curves extracted from off-axis ASTM specimens (a, c) and [0 • /90 • ] 3s Arcan specimens (b, d) with various loading angles.

Figure 4 . 11 :

 411 Figure 4.11: Failure envelop from (a) off-axis ASTM specimens and (b) [0 • /90 • ] 3s Arcan specimens with various loading angles.

Figure 4 . 12 :

 412 Figure 4.12: Rotation of fibre bundles detected in Arcan specimen [0 • /90 • ] 3s under different loading angles.

Figure 4 . 13 :

 413 Figure 4.13: Failure envelop with corrected stresses by considering stress concentration and fibre rotation.

  and failure shear stress, S 12f , 75 MPa instead of shear strength S 12,5% derived from 5 % of engineering strain. The theory was originally developed to predict interlaminar shear dominated failure in textile composites. The NU theory predicts similar shear strength enhancement in agreement with the experimental data of off-axis standard tensile tests and Arcan tests as shown in Figure4.13 for comparison. With biaxial loaded Arcan specimen, a wider range of distribution can be constructed with the corrected stresses. The decomposed stresses σ 11 and σ 12 under lading angles 15 • and 30 • are located in the region of high tensile stress over 250 MPa. This advantage of Arcan biaxial tests allow us to have a relatively full covered envelop that off-axis standard tensile test with woven composite cannot obtained. In addition, it should be mentioned that stress components σ 11 , σ 22 and σ 12 exist in off-axis tensile specimen whereas only σ 11 and σ 12 appear for Arcan specimen. The prediction of pure tensile is failed for both off-axis standard tensile and Arcan specimens.
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 414471 Figure 4.14: Modified Arcan with clamp and alignment system and clamping jaws with specimen in loading angle α.

Figure 4 . 4 . 7 . 2 4 . 7 . 2 . 1

 44724721 Figure 4.14 shows the Arcan fixture halves connected by guide units to insure in-plane biaxial stress state.

Figure 4 .

 4 Figure 4.15-a shows shear stress-strain curves for representative specimens unloaded corresponding to the predefined loads at 3.6 kN (52 MPa), 4.78 kN (85 MPa) and 7.72 kN (117 MPa). The shear stresses were normalized against maximum strength 44MPa in accordance of ASTM D3518 by imposing engineering shear strain of 5 % to obtain preload levels 120 %, 160 % and 260 %. The shear stresses with 160 % and 260 % preload levels were located in the last linear region caused by fibre rotation as discussed above. The shear stress with 120 % was in plasticity phase. In this first step, the diffused damage was fully introduced and specimens were unmounted, rotated into loading angle of 0 • . Thanks to the clamping jaws with knurl pattern surface, no macro-damage or failure at the bolted holes were observed. Then all specimens were loaded at the same rate of 2 mm/min until the rupture occurred.

Figure 4 . 15 :

 415 Figure 4.15: Stress-strain curves with premature [0 • /90 • ] 3s Arcan specimens in two steps process: (a) pre-damage in shear and (b) tensile behaviour with premature specimens.

Figure 4 .

 4 Figure 4.15-b shows the tensile stress-strain curves with premature specimens compared to a specimen without pre-damage. Fibre/matrix debonding and matrix cracking were introduced by applying shear preload. These diffused damage resulted in the degradation of elastic tensile modulus and ultimate tensile strength clearly. Because twill woven epoxy-carbon composite was used in this study, the damage mechanism consists of two stages. It is noticed that tensile stress-strain curve with preloaded 120 % has a elastic modulus of 43.88 GPa compared to the one without pre-damage (68.6 GPa). As there was no fibre rotation involved under 120 % preload in shear, the diffused damage was presented by transverse matrix cracking along 2-axis and thus degraded the elastic modulus. Furthermore, the diffused damage including fibre/matrix debonding along 1-axis was induced as the increase of preload in shear due to the fibre rotation. This damage can be represented by specimens with preload level of 160 % and 260 %. The elastic modulus are 29.8 GPa and 28.6 GPa. In this stage, preload level in shear has less effect on the tensile behaviour as damage has been fully developed. The degradation of tensile modulus and UTS is discussed in section 4.7.3.

Figure 4 . 16 :

 416 Figure 4.16: Shear stress-strain curves with premature [0 • /90 • ] 3s Arcan specimens in tensile preload.

  -b. Similar to the degradation of tensile elastic modulus, the UTS are shown with different

Figure 4 . 17 :

 417 Figure 4.17: The degradation in elastic modulus and ultimate tensile strength of [0 • /90 • ] 3s Arcan specimen with pre-damage in shear direction.

Figure 5 . 1 :

 51 Figure 5.1: Stress-strain curves for a tensile test on [15 • /-75 • ] 3s laminates with different element size.

Figure 5 .

 5 Figure 5.1 shows the nominal stress-strain curves for [15 • /-75 • ] 3s woven ply laminate with various element size. The stress σ L on-axis of laminate was calculated by dividing tensile loading with the cross-section of specimen. Strain ε L was dividing displacement of the reference point with gauge length of tensile specimen.

Figure 5 . 2

 52 

Figure 5 . 2 :

 52 Figure 5.2: Shear damage d 12 and fibre breakage for a tensile test on [15 • /-75 • ] 3s laminates with different element size at final failure point.

Figure 5 . 3 :

 53 Figure 5.3: The contour of shear damage for Arcan [±45 • ] 3s laminate under shear load with sweep and free mesh controls.

Figure 5 . 4 :

 54 Figure 5.4: Strain contour of DIC and FEM with mesh control of sweep.

  The dimensions have been defined according the standard test ASTM D5766: l = 75 mm, w = 12.5 mm, r = 2.083 mm. The thickness of each ply is 0.2083 mm (h = 2.5 mm) for the two laminate configuration where total of 12 plies are embedded. The two following stackings have been considered: [0 • /90 • ] 3s and [±45 • ] 3s .
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 55 Figure 5.5: Quarter symmetric OHT geometry with load and boundary conditions (BCs).60

Figure 5 . 6 :

 56 Figure 5.6: Comparison of results between model and experiments in tensile test on OHT specimen.

Figure 5 . 7 :

 57 Figure 5.7: The comparison of strain contours from FEM and DIC for [0 • /90 • ] 3s specimen with tensile load 15 kN.

Figure 5 .

 5 Figure 5.11 and 5.13 present the experimental results compared to simulated ones with loading angles from 0 • to 90 • with a step of 15 • corresponding to cases of pure tensile, biaxial and shear loading conditions in laminate [0 • /90 • ] 3s .

Figure 5 . 8 :

 58 Figure 5.8: Comparison of shear strain contours from FEM and DIC for [±45 • ] 3s specimen with axial tensile load 6 kN.

Figure 5 . 9 :

 59 Figure 5.9: Damage evolution of the shear damage d 12 during the tensile test.

Figure 5 .

 5 Figure 5.11-b shows the typical shear non-linear response of the twill woven epoxy-

Figure 5 . 10 :

 510 Figure 5.10: Simulation with displacement controlled boundary conditions and specimen dimension used for Arcan biaxial tests.

Figure 5 . 11 :

 511 Figure 5.11: Load-displacement curves for [0 • /90 • ] 3s laminate under loading angle (a) 0 • and 15 • and (b) 90 • .

Figure 5 . 12 :

 512 Figure 5.12: Contours of shear stress and damage parameters d 11 , d 22 and d 12 for [0 • /90 • ] 3s laminate under loading angle 90 • at displacement of 1 mm.

Figure 5 . 13 : 5 . 5 . 1

 513551 Figure 5.13: Load-displacement curves comparison between simulation and experiment with loading angle step 15 for [0/90]3s.

Figure 5 . 14 :

 514 Figure 5.14: Failure load comparison between FEM and experimental results for Arcan specimen under different loading angles.

Figure 4 .

 4 15). The simulated tensile stress-strain curves with full damage model are compared with the experimental results as shown in Figure5.15.

Figure 5 . 15 :

 515 Figure 5.15: Tensile stress-strain curves of full damage model and experiments for Arcan specimen in second tensile step with ply coefficient c equal to 0.6.

Figure 5 . 16 :

 516 Figure 5.16: Load-displacement comparison between model considering all damage parameters and experiments for Arcan specimen under different loading angles.

Figure A. 9 :

 9 Figure A.9: Load-displacement curves for Arcan specimen [±45 • ] 3s with LA 0 • under loading-unloading.

Figure A. 10 :

 10 Figure A.10: Load-displacement curves for Arcan specimen [15 • /-75 • ] 3s with LA 0 • under loading-unloading.
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  Ainsi, on considère généralement trois échelles pour le développement des modèles d'endommagement : micro, méso et macro. Par exemple, dans le cas d'un stratifié à base de couches UD, une seule couche est considérée comme l'unité de modélisation des endommagements à l'échelle méso. Dans ce travail de thèse, la modélisation est réalisée à l'échelle méso. Par conséquent, la réponse mécanique au niveau macro est prédite ici par le couplage de l'échelle méso avec l'échelle macro. Le couplage précédent est purement géométrique et peut être résolu par des méthodes d'homogéinisation plus ou moins évoluées. Il existe un autre couplage entre les endommagements qui est physique et qui peut être mis en avant de nouveau par des méthodes d'homogéinisation efficaces. Cependant ce couplage est généralement représenté à l'échelle mésoscopique par une simple relation linéaire entre les variables d'endommagement. La validation des modèles nécessite donc des essais plus complexes, autres que les essais normalisés permettant de mettre en avant le couplage entre les endommagements.

la progression des endommagements. Ainsi dans le cas d'un composite tissé (mais c'est également observable dans le cas d'UD), le comportement est quasi élastique fragile lorsqu'une traction est appliquée dans la direction des mèches alors qu'il est fortement non linéaire il est sollicité en cisaillement dans le plan. Ce comportement non linéaire est principalement dû à l'apparition d'endommagement. Les modèles de comportement doivent être capables de prendre cet aspect ainsi que la nature multi-échelle de l'endommagement.

xv

  une présentation du comportement mécanique est donnée mettant en lumière le comportement non linéaire dû à l'endommagement. Les endommagements en traction et en cisaillement sont illustrés ainsi que les paramètres influents. La suite du chapitre se recentre sur la modélisation dans un premier temps pour prédire les propriétés élastiques (théorie des stratifiés et les modèles micromécaniques) et ensuite pour prédire l'endommagement. Les modèles basés sur les critères de rupture (quadratique ou phénoménologique) sont présentés. A part dans le cas d'une approche multi-échelle, ces modèles montrent leurs limites. Tout naturellement, les modèles développés dans le cadre de la thermodynamique des milieux continus à l'échelle mésoscopique sont présentés. Les modèles plastiques permettent de représenter le comportement non linéaire en cisaillement et les déformations résiduelles. Le comportement en traction dans le sens des mèches état élastique fragile, les critères de plasticité ne prennent pas en compte les contraintes de traction longitudinale. La mécanique de l'endommagement quant à elle permet de considérer les dégradations des propriétés élastiques et autres en fonction de l'évolution de l'endommagement.Une force thermodynamique équivalente est définie permettant de relier les forces thermodynamiques associées à chaque type d'endommagement. Cette dernière est utilisée pour la détermination et l'évolution des variables d'endommagement. Le couplage entre la plasticité et l'endommagement est réalisé par l'utilisation des contraintes effectives dans le critère de plasticité. L'algorithme d'implémentation du modèle dans le logiciel d'éléments finis Abaqus dans la cadre d'un schéma explicite est donné. L'identification des paramètres du modèle est réalisée dans la dernière partie du chapitre. Cette identification est faite à partie des essais monotones de traction sur des éprouvettes avec des empilements [±45 • ] 3s mais également des essais de chargement-déchargement avec charge croissante afin de déterminer les paramètres d'endommagement et de plasticité. Les termes de couplages sont quant eux déterminer à partir d'essais sur des éprouvettes avec l'empilement [22,5 • /77,5 • ] Resumé éprouvettes travaillaient dans un premier temps en cisaillement pur puis une rotation des fibres étaient observé rendant impossible l'évaluation de la contrainte à la rupture. La contrainte ultime en cisaillement a pu ainsi être associée à une déformation en cisaillementde 1 Le chapitre 4 est consacré aux résultats d'essais réalisés avec le montage Arcan. Dans un premier temps il est rappelé l'avantage d'utiliser le montage Arcan. Ainsi suivant le type d'empilement [0 • /90 • ] 3s ou [±45 • ] 3s et le type de sollicitation (traction, cisaillement ou combinaison traction, cisaillement), six états locaux de contraintes peuvent être obtenus. Il est également rappelé la difficulté de mettre en évidence le couplage entre les endommagements. 3 programmes d'essais ont été définis :

	Chapitre 4 :
	3. Mise au point d'un montage expérimentable innovant et robuste pour solliciter
	de manière multiaxiale des éprouvettes.
	4. Validation du modèle à partir divers essais normalisés mais aussi des essais
	multiaxiaux.
	Pour atteindre ces objectifs, le manuscrit se décompose en cinq chapitres et finissant
	par une conclusion et des perspectives.

Chapitre 1 :

Le chapitre 1 est consacré à l'état de l'art et définit les motivations de l'étude. La première partie du chapitre concerne les matériaux composites et plus particulièrement les composites tissés. Après avoir défini les avantages et les inconvénients des com-xvi 0. Resumé posites tissés, L'étude bibliographique montre qu'un modèle couplé plastique et endommagement permet de parfaitement représenter le comportement d'un composite. La dernière partie du chapitre 1 est consacrée aux dispositifs expérimentaux permettant d'obtenir un état multiaxial de contraintes dans une éprouvette. Dans un premier temps, les tests conduisant à une contrainte de cisaillement sont présentés. L'intérêt ici est de mettre l'endommagement en cisaillement qui s'amorce plus facilement et est surtout plus progressif que celui en traction. Parmi les montages multiaxiaux, celui nommé Arcan présente l'avantage de nécessiter un seul actionneur et de combiner des essais de cisaillement, de traction et de combinaison traction/cisaillement avec différents ratios de chargement.

Chapitre 2 :

Le chapitre 2 présente le matériau et la modélisation retenue au cours de la thèse. Il a été décidé de travailler sur un matériau composite tissé sergé de fibre de carbone associé avec une matrice époxy. Des plaques ont été fabriquées par infusion conduisant à un taux volumique de fibre de 56% en moyenne. Par découpe jet d'eau, des éprouvettes standardisées suivant les normes ASTM D3039 et D3518 ont été extraites. Des essais ont été réalisés sur une machine de traction conventionnelle associée à un système de corrélation d'images qui ont permis de caractériser les propriétés élastiques et les résistances du matériau. Dans la seconde partie du chapitre, le modèle retenu pour la modélisation est détaillé. Il s'agit d'un modèle couplé plasticité endommagement basé sur les travaux de Le Dantec et Ladevèze initialement développé pour les matériaux composites UD et étendu aux composites tissés par Hochard. Il s'appuie sur un critère de plasticité fonction de la contrainte cisaillement et la contrainte transverse aux fibres et un écrouissage isotrope. Un terme de couplage plastique permet de relier les deux contraintes. Le modèle considère trois types d'endommagement qui sont les endommagements longitudinal et tranversal aux mèches et l'endommagement de cisaillement. xvii 3s . Une étude paramétrique est également réalisée pour mettre en avant l'influence des termes de couplages sur la réponse mécanique du matériau. La validation du modèle est faite à l'aide de comparaison avec des essais de traction hors axes. Une bonne corrélation est obtenue à part en terme de déformation à la rupture. Des essais de chargement-déchargement ont également été simulés pour démontrer la capacité du modèle à reproduire ce type de réponse.

Chapitre 3 :

Le chapitre porte sur la conception d'un montage Arcan adapté pour des essais sur composites. Le cahier des charges demandait un système permettant de réaliser des essais dans une direction puis de démonter l'éprouvette pour la faire pivoter sans créer d'endommagement. La solution retenue a été de guider les deux mobiles du montage à l'aide d'un système de guidage par colonnes. Egalement le système d'arrimage de l'éprouvette sur les deux parties du système a été revu afin de faciliter et le montage et démontage de l'éprouvette. Le montage a été entièrement modélisé (parties mobiles, visserie, . . . ) sous Abaqus afin de le dimensionner vis-à-vis des contraintes qu'il devra subir lors des essais. La forme de l'éprouvette, dite papillon, a également été optimisée à l'aide de la méthode des éléments finis dans l'objectif d'avoir un minimum de concentration de contrainte en cisaillement et d'avoir une zone utile la plus grande possible. Une fois la géométrie des éprouvettes définie, elles ont découpées dans des plaques obtenues par infusion. Des essais sur des éprouvettes papillons avec différents angles de chargement ont permis de vérifier qu'aucun glissement n'apparaissait et que la réponse du matériau variait d'un comportement linéaire fragile dans le cas de la traction, fortement non linéaire en cisaillement et une réponse intermédiaire pour les chargements combinés traction/cisaillement. Dans la dernière partie du chapitre, une étude comparative a été menée entre l'essai en cisaillement dans le cadre du montage Arcan et l'essai normalisé de cisaillement par traction sur une éprouvette avec un empilement [±45 • ] 3s . Un traitement spécifique des déformations obtenues par corrélation d'images a permis de montrer que dans le cas de l'essai Arcan, les xviii 0.

• Des essais Arcan avec trois angles de chargement 0 • , 45

  Le dernier chapitre présente les simulations numériques appliquées au cas d'une éprouvette trouée et des essais Arcan. Dans un premier temps, une étude de sensibilité au maillage est présentée. Il est montré que la méthode de maillage à une influence sur le trajet de propagation des fissures. Le premier test de validation concerne l'éprouvette trouée qui permet d'avoir des concentrations de contraintes autour du trou. Comme précédemment deux empilements [0 • /90 • ] 3s et [±45 • ] 3s sont considérés. Une très bonne concordance des résultats expérimentaux et numériques aussi bien en contrainte qu'en déformation est obtenue. Dans le cas des essais Arcan, seul l'empilement [0 • /90 • ] 3s est considéré. Les résultats numériques sont en accord avec les résultats expérimentaux uniquement pour les cas où le chargement appliqué est uniaxial à savoir un angle de chargement de 0 Le mécanisme d'endommagement doit être parfaitement compris et les préendommagements du cisaillement sur la dégradation des propriétés dans la direction des mèches doivent être pris en compte.

	xx	0. Resumé
	•	
	Chapitre 5 :	
	Deux objectifs de cette thèse ont été atteints: (1) développer un modèle constitutif
	couplé plasticité-endommagement afin de caractériser la réponse mécanique hautement
	non linéaire du composite tissé avec des lois appropriées d'accumulation et de dur-
	cissement des endommagements et (2) concevoir et optimiser un nouveau montage
	expérimental Arcan ainsi que des éprouvettes pour effectuer des tests biaxiaux avec
	différents ratios de traction et de cisaillement.	
	Les perspectives suivantes peuvent être proposées:	
	Modèle couplé plastique-endommageable	

• , et 90 • et des éprouvettes avec deux empilements [0 • /90 • ] 3s ou [±45

• ] 3s . Ces essais ont permis de mettre en avant l'influence d'un état de contraintes multiaxiales sur la rupture d'un matériau composite. Ainsi il est classiquement montré que l'éprouvette travaillant uniquement en traction dans la direction des mèches a la meilleure résistance alors que celle travaillant uniquement en cisaillement supporte l'effort le plus faible. A partir du tableau 4.1 ainsi que d'un critère quadratique, il est montré que les éprouvettes avec un empilement [±45 • ] 3s avec des angles de chargement de 45 • et 90 • ont des résistances proches alors que l'éprouvette avec l'empilement [±45 • ] 3s sollicitée en traction a la même résistance que l'éprouvette [0 • /90 • ] 3s sollicitée en traction/cisaillement. • Des essais Arcan avec des éprouvettes avec l'empilement [0 • /90 • ] 3s mais avec 7 angles de chargement allant de 0 • jusqu'à 90 • par pas de 15 • . A partir des efforts appliqués, les contraintes dans le repère du matériau ont été évaluées permettant de tracer dans le repère contrainte normale / contrainte tangentielle une enveloppe de rupture couvrant parfaitement le premier quart du graphe. Avec des essais hors axes sur des éprouvettes standards, seule une partie du graphe est couvert. Cependant, on ne peut considérer cette enveloppe comme valable car les contraintes de cisaillement obtenues lors de la rupture sont beaucoup trop élevées que celles obtenues sur essais normalisés. Ceci est dû à la rotation des fibres lors de l'essai qui conduit à des valeurs erronées. De même, les contraintes normales doivent être corrigées par un facteur de concentration de contrainte. • Des essais avec des pré-endommagements générés soit en traction soit en cisaillement pour vérifier leur influence sur les résistances résiduelles et les modules d'élasticité. Différents niveaux de pré-chargement ont été appliqués pour générer plus ou moins d'endommagement. Il est ainsi démontré que le préendommagement généré par un essai de traction ne va pas diminuer les propriétés en cisaillement. Par contre, le pré-endommagement généré par des essais de xix cisaillement va influencer la résistance en traction mais également la rigidité. Une diminution du module dans la direction de l'éprouvette a été observée. • (traction) ou 90 • (cisaillement). Par contre pour les chargements biaxiaux, une erreur très importante apparaît entre les essais et les valeurs numériques.

Une modification du modèle est proposée intégrant un endommagement identique dans la direction des fibres (ceci est justifiable car le composite tissé est équilibré). Un nouveau paramètre de couplage c est introduit et est identifié à l'aide des essais avec pré-endommagement présentés au chapitre 4. Une étude paramétrique permet de définir la valeur de c. Le modèle ainsi identifié est ensuite appliqué aux cas biaxiaux simulés avec l'ancien modèle. Une amélioration significative des résultats est obtenue en termes de courbe de réponse. Malheureusement, les forces à rupture prédites pour les différents angles de chargement sont encore éloignées des résultats expérimentaux. Cependant, ceci peut être expliqué par la rotation des fibres observées expérimentales et non pris en compte numériquement.

Conclusions et Perspectives

Un cadre numérique pour la modélisation des endommagements dans les matériaux composites carbone époxy tissés sergé 2D a été développé et validé par rapport aux résultats expérimentaux issus d'essais standards. Le modèle a été utilisé pour évaluer le comportement mécanique de ce composite pour des états de contrainte multiaxiale.
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	care accounting for woven composite provided by ASTM D6856 test is introduced to modify the dimensions of specimen with inspecting the size of RUC. Different shear tests are presented in this chapter as well as the shear rigs. Lastly, off-axis, cruciform and tubular and Arcan specimens for generating multi-axial stress state are compared in terms of their disadvantages. Modified Arcan Fixture is the most inexpensive rig to conduct multi-axial test with considering shear combined with tensile stress states, but with experimental ones with this full damage model. 1
	certain modifications are required in order to obtain the reliable experimental data.
	In chapter 2, the fabrication of a twill woven carbon-epoxy composite by using vacuum Background and Motivation
	infusion process is presented with ASTM standard testing results. The development The first chapter introduces damage prediction methods in woven composites and of a non-linear material model based on the coupled plasticity and damage mechanics is presented. The model is based on the framework of Ladevèze model developed highlights the motivation of multi-axial tests conducted in the thesis
	in Cachan research group with modified damage accumulation and plasticity master
	curves. The model was implemented in ABAQUS/Explicit with VUMAT and model
	identification is presented with results derived from loading-unloading test. The results
	of numerical validation have a good correspondence with experimental data in ASTM
	standard tests and off-axis loading-unloading test.
	In order to obtain reliable tension-shear combined experimental results on woven
	composite which is rare in open literatures, the development work on a novel fixture
	developed with MAF is shown in chapter 3. The fixture equipped with a guide unit
	and clamping system was studied numerically with the optimized Arcan specimen.
	Biaxial loads were applied and experimental results are present with considering fibre
	rotation and stress concentration on the V-notch roots. The MAF was calibrated and
	the experimental results were validated by comparing with the ones conducted by
	ASTM standard tests presented in chapter 2. This robust rig is then utilized to study
	the woven composite under a large numbers of multi-axial loading tests presented in
	chapter 4.
	In chapter 4, the MAF developed in chapter 3 was used to perform various tests on
	Arcan specimen. The local stress state under different loading angles and off-axis
	chapter 1, two brief states of art are presented: the modelling of non-linear fibre orientations is investigated. Experiments were conducted to compare the off-axis
	mechanical behaviour of woven composite and experimental methods for mechanical standard tensile specimen and Arcan specimen. Furthermore, a two step loading
	characterization of FRPs especially for woven composites. Firstly, the non-linearity procedure is proposed to study the mechanical behaviour of pre-damaged woven
	resulting from damage accumulation is illustrated with crack evolution in woven composite by MAF. The damage coupling of tensile and shear is studied with two step
	composite under shear and tensile stresses. Secondly, different methods including test under quasi-static and loading-unloading loads.
	classical laminate theory, micro mechanic based approaches and failure criteria based In chapter 5, numerical studies were performed in ABAQUS/Explicit with the coupled on macroscopic energy, phenomenological criteria and plasticity are summarized and plasticity and damage constitutive model developed in chapter 2. Mesh sensitivity in the advantages of Continuum Damage Mechanics (CDM) stands out thanks to their terms of different approximate element size and meshing methods is illustrated with rigorous physical background accounting for the degradation of material mechanical strain-stress curves accompanied with contours of strain and damage parameters. FEA properties and the capabilities in different applications in various types of FRPs. on Open Hole Tensile (OHT) and Arcan specimens were conducted and results leads
	Furthermore, the development of experimental testing methods is presented as well as to the improvement of constitutive law by considering on-axis damage proportional to
	their improved fixtures. Different standard tests for FRPs was reviewed and a special the shear damage in woven composite. The simulated results show better agreement
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1.2.1 Non-linear behaviour

  

	FRPs show a highly non-linear behaviour when shear stress is involved, Van paepegem
	et al. 11, 12 conducted experimental studies with tensile tests on [±45 • ] 2s laminates and
	off-axis [10 • ] 8 composites of long glass fibre-reinforced epoxy. Cyclic tensile tests have
	been performed to assess the amount of permanent shear strain and the residual shear
	modulus due to the damage accumulation.

  [START_REF] Hochard | Modelling of the mechanical behaviour of woven-fabric CFRP laminates up to failure[END_REF][START_REF] Hochard | A generalized damage model for woven ply laminates under static and fatigue loading conditions[END_REF] has adapted the elementary ply theory for UD laminates to 2D woven composites with the tension/shear coupling parameter determined by approximating with a UD plied laminate [0 • /90 • ]. Sevenois et al.

[START_REF] Sevenois | Influence of tab debonding on measured stiffness evolution in Compression-Compression and Tension-Compression fatigue testing of short gauge length coupons[END_REF] 

assigned composite parts as a phenomenological material model, Hochard variation, for woven materials to study the influence of tab debonding on measured stiffness evolution in fatigue testing of short gauge length coupons. Furthermore, Virtual micro-mechanical tests on a microscale finite element model were proposed to replace the identification of the material parameters with several experiments on different laminates, which reduced the amount of experiments, costs and time.

[START_REF] Garoz | Material parameter identification of the elementary ply damage mesomodel using virtual micro-mechanical tests of a carbon fiber epoxy system[END_REF] 
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Table 2 . 1 :

 21 Properties of resin and carbon fibre employed in infusion process.

  Measurement of fibre volume fractionTheoretical estimation for the fibre volume fraction, V f , with ply arrangement [0 • /90 • ] 3s is 53 % by employing the parameters in Table 2.1 with Equation 2.1.

	2.2.2 ASTM standard tests
	2.2.2.1

• C (Figure

2

.2). To provide enough specimens for mechanical characterization and Arcan tests, 6 plates were manufactured representing a total area of 4 m 2 .

Table 2 . 2 :

 22 Mechanical properties of twill woven epoxy-carbon composite and components.

Table 2 . 3 :

 23 The material constants for damage evolution and isotropic hardening.
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Table 3 . 1 :

 31 Isotropic mechanical parameters for aluminium alloy T7351 and steel.

Table 3 . 2

 32 

: Transverse-isotropic material properties of carbon-epoxy (UD).

Table 3 . 3

 33 

: Mechanical properties of socket cap screw and nut of ISO 898-1.

  • was applied on the simplified model (zone between clamping jaws) of Arcan specimen with stacking sequence of [0 • /90 • ] 3s . Python script was used to generate Arcan specimens with different geometry dimensions. The butterfly-shaped specimens with six different radii namely 0, 1.27, 2.38, 3.54, 4.78 and 7 mm and a fixed notch angle 90 • were considered in the FEA. Elastic properties shown in Table2.2 obtained via ASTM standard tests were implemented into the implicit simulation. Shear stresses normalized with the nominal shear stress calculated by dividing the applied F s with cross section area on the corresponding path were examined.

Table 3 . 4 :

 34 Comparison of the material properties of twill balanced woven composites [0 • /90 • ] 3s using ASTM and MAF methods.

  • , 13 • , 15 • , 22.5 • and 45 • to compare with Arcan specimens under biaxial loading. Reference standard ASTM D3039/ D3039M-14 was taken into account. Seven loading angles, α, (0 • , 15 • , 30 • , 45 • , 60 • , 75 • and 90 • ) with step of 15 • for [0 • /90

  • , 15 • , 22.5 • and 45 • ). Due to the twill balance weave pattern, symmetrically these configurations can also represent off-axis angles of 77 • , 75 • , 67.5 • and 45 • as shown in Figure 4.5.

  Due to the normal strain fluctuate around zero in large angle cases, the longitudinal normal stress-strain curves for cases of loading angle 75 • and 90 • were removed in Figure4.10-d. All curves presented had linear behaviours until failure with different elastic modulus, strengths and failure strains, which are different compared to the behaviour of off-axis standard specimens. The elastic modulus were 15.8, 26.8, 38.4 and 52.6 -GPa corresponding to loading angle 60 • , 45 • , 30 • and 15 • compared to the elastic tensile modulus 68.6 GPa extracted from on-axis loading angle specimen.

• ), 4 %(60 • ), 2 %(45 • ), 1.34 %(30 • ) and 0.8 %(15 • ) as well as the stresses (239, 201, 213, 205, 179 and 101 -MPa).

  • , 30• , 45 • , 60 • , 75 • and 90 • .
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and fibre breakage with FEM for [±45 •]3s laminate.

Figure A.11: Load-displacement curves for Arcan specimen [30 • /-60 • ] 3s with LA 90 • under loading-unloading.

Background and Motivation

Table 1.1: Tensile, compressive and shear characterization for fibre-reinforced polymer composites.

Experimental Investigation

This chapter introduces the experimental results obtained with off-axis carbon-epoxy woven composites specimens tested with Modified Arcan Fixture to study study the mechanical behaviour under multi-axial loading.

for strain less than 3 % the fibre rotation will have a low influence on the stress calculation in the material coordinate system. 

Different off-axis angle θ

Both on-axis and off-axis tension stress-strain curves of standard and Arcan specimens with stacking sequence of [0 • /90 • ] 3s are presented in Figures 4.4 and 4.9. For off-axis standard specimens, initial linear elastic segment up to about 0.3 % strain was found in all curves, and a non-linear region appeared. The yield points for standard specimens with show up early when large off-axis angles were considered, and became more significant with increasing stress. All curves reached lower ultimate stresses than corresponding ones of the on-axis specimens. Similarly, all curves of off-axis (15 The Load-displacement curves for off-axis standard tensile specimens and Arcan specimens with different configurations and under various loading angles are summarized and presented.