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Résumé Analyse des réponses balistiques des fibres d'un matériau tissé à l'échelle microscopique basée sur l'homogénéisation numérique

Cette thèse est consacrée à l'étude du comportement balistique d'un matériau tissé en utilisant une approche microscopique basée sur la technique d'homogénéisation numérique. En effet, lors d'un chargement balistique, le projectile agit localement sur la zone affectée du tissu engendrant ainsi une compression transversale des fibres. Ce phénomène a été modélisé, à l'échelle des fibres, en prenant en compte les effets des interactions fibre-fibre et l'évolution de la fraction volumique d'un fil au cours du chargement. Cette modélisation a conduit à établir une loi de comportement mécanique non-linéaire décrivant l'évolution des contraintes et des déformations apparentes dans un fil soumis à une compression transversale. La technique d'homogénéisation numérique, basée sur un volume élémentaire représentatif (VER) périodique, a été utilisée en vue d'une modélisation prenant en compte le vide entre les fibres. Cette démarche a conduit à établir une loi puissance entre la déformation apparente et la fraction volumique pour un fil sollicité en compression transversale. La technique d'homogénéisation numérique a également été utilisée pour analyser le comportement microscopique des fibres soumises à un impact balistique selon une approche multi-échelle. La notion de fibre équivelante représentant un ensemble de fibres a été introduite afin de gagner du temps de calcul.

Cette analyse a conduit à une meilleure compréhension des phénomènes physiques se produisant lors d'un impact balistique d'un fil à l'échelle des fibres. Ensuite, cette modélisation a été appliquée au cas d'un tissu soumis à un impact balistique à une échelle mésoscopique (échelle d'un fil) combinée à une échelle microscopique (échelle d'une fibre) dans la zone affectée par l'impact. Cette modélisation a été validée par confrontation avec des données expérimentales, en termes de l'évolution la vitesse du projectile. Les évolutions de l'énergie, de la force d'impact, des interactions fibres-fibres et de la rupture locale des fibres ont été aussi analysées. 
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Introduction générale

Contexte de l'étude

La problématique de l'impact balistique introduit des phénomènes complexes du fait d'une forte interaction entre le projectile, la protection et la cible. Dans la littérature, plusieurs études expérimentales, analytiques et numériques ont été réalisées. Ces travaux de recherche ont porté essentiellement sur les performances balistiques des protections en vue d'assurer leur allégement et leur résistance mécanique. On note aussi, l'intérêt porté au comportement dynamique des projectiles dans l'objectif de mieux cerner à la fois les matériaux utilisés ainsi que leurs morphologies. Quant aux cibles, des études antérieures ont porté sur l'utilisation des matériaux témoins tels que la gélatine ou la plasticine pour simuler le corps humain dans le cadre des investigations expérimentales. Mais, la plupart des nombreux travaux de recherche a porté sur l'étude des performances balistiques des protections. En effet, le choix des matériaux utilisés pour une meilleure protection des cibles constitue un souci permanent. Dans ce domaine, on note l'utilisation d'une diversité de matériaux pour la protection balistique tels que les matériaux composites et les multi-matériaux (granulats, céramiques, etc.).

Mais, l'emploi des équipements souples de protection constitue une part importante dans les travaux de recherche antérieurs. En effet, les matériaux tissés utilisant des fibres de haute performance font l'objet de plusieurs investigations, tels que les fibres de Kevlar, Twaron, etc. Des approches expérimentale, analytique et numérique ont été développées en vue d'une caractérisation mécanique des textiles soumis à un chargement balistique. La compréhension et la maîtrise de la chronologie et des mécanismes de dommage constituent un des objectifs essentiels. La performance balistique est évaluée à partir de la situation de la perforation ou non-perforation des tissus lors de l'impact. La complexité de la mise en oeuvre des essais expérimentaux a conduit manifestement au recours à l'utilisation de la modélisation numérique. Cette voie de recherche a été encouragée par le développement des moyens de calculs. On note un nombre important de travaux déjà publiés portant sur le développement de modèles numériques pour la description et la prédiction de la tenue mécanique des tissus soumis à un impact balistique. A ce stade, nous pouvons classer les modèles numériques à partir de l'échelle d'analyse retenue, à savoir :

-Une modélisation macroscopique qui est développée à l'échelle du tissu.

-Une modélisation mésoscopique qui s'inscrit à l'échelle du fil.

-Une modélisation microscopique à l'échelle d'une fibre -Une modélisation multi-échelle : Macro/Méso (tissu/fil) ou Méso/Micro (fil/fibre) Le présent travail de ma thèse de doctorat s'inscrit dans la continuité thématique de l'équipe de recherche de l'Unité de Mécanique de Lille, Joseph Boussinseq (UML) de l'université de Lille. Depuis quelques années, nous enregistrons quatre travaux de thèse 

Structuration du rapport

Le présent rapport est l'aboutissement de mes travaux de recherche de thèse de doctorat. Je l'ai structuré en quatre chapitres principaux : 

Introduction Context

The assessment of ballistic impact problems is challenging due to the complicated interactions between the projectile, the protection and the target. In the literature, several experimental, analytical and numerical studies have been carried out. These works mainly investigated the ballistic performance of the protections in order to ensure their lightweight and mechanical resistance. The importance of the dynamic behaviour of projectiles in order to better understand both their materials and morphologies has also been noted. For the targets, previous studies have concentrated on the use of sample materials, such as gelatine and plasticine, to simulate the human body in experimental investigations. Of these three areas, most previous research has focused on the study of the performance of ballistic protection. Indeed, the choice of materials used for better target protection poses a permanent concern. In this domain, a variety of materials for ballistic protection, such as composite materials and multi-materials (aggregates, ceramics and so on), has been noted.

The use of flexible protective equipment is an essential component of the previous research in this area. Indeed, woven materials using high-performance fibres, such as Kevlar and Twaron, have been investigated. Experimental, analytical and numerical approaches have been developed to predict the mechanical behaviour of textile fabrics subjected to ballistic impact. Understanding and predicting the evolution and mechanisms of damage are one of the essential objectives. Ballistic performance is evaluated in the case of the perforation or non-perforation of the tissues during impact. The complexity of such experiments has led to a clear need for numerical modelling. This approach has been facilitated by the development of computational resources. There is a significant number of works already published relating to the development of numerical models for the description and prediction of the response of fabrics subjected to ballistic impact. Based on the scale, the numerical models can be classified as follows:

- 

Objective of thesis

This thesis is dedicated to the study of the ballistic behaviour of woven materials using a microscopic approach based on a numerical homogenization technique. Indeed, during ballistic impact, the projectile locally strikes the fabric on the impact zone, thus generating a transverse compression of the fibres. This phenomenon has been modelled, at the fibre scale, considering the effects of fibre-fibre interactions and the evolution of the volume fraction of yarn during loading. From this modelling, a non-linear mechanical behaviour law describing the evolution of the apparent stress and strain in a yarn subjected to transverse compression was obtained. Then, based on a periodic Representative Volume Element (RVE), a numerical homogenization technique considering the void between fibres was used for modelling. A power law between the apparent deformation and the volume fraction for a yarn subjected to transverse compression was deduced based on this approach. Numerical homogenization technique was also utilised to analyse the microscopic behaviour of fibres subjected to ballistic impact based on a multi-scale approach. The notion of an equivalent fibre representing a set of fibres was introduced in order to gain computation time. The analysis provided a better understanding of the physical phenomena occurring during the ballistic impact of one single yarn at the fibre scale. This model was then applied to the case of one fabric subjected to ballistic impact at a mesoscopic scale (yarn scale) combined with a microscopic scale (fibre scale) in the impact zone. This model was validated by comparison with experimental data, in terms of the evolution of projectile velocity. The evolution of energy, impact force, fibre-fibre interactions and local fibre failure were also analysed.

Structure of thesis

This thesis is the culmination of my doctoral research and is divided into four main chapters:

-Chapter 1: Bibliography analysis This chapter presents the state-of-the-art regarding studies on the ballistic performance of woven materials. The main response mechanisms of these materials subjected to ballistic impact described in the literature, such as the formation and propagation of deformation waves of yarn, as well as the global and local responses of fabrics during impact, are discussed. We then present the factors that influence the ballistic performance of the tissue. Indeed, this performance is influenced by a combination of many parameters, including the physical and mechanical properties of yarns and fabrics, projectile/fabric and yarn/yarn friction, physical and mechanical properties of projectiles.

A summary of the main numerical modelling investigation concerning the ballistic impact of fabrics is also presented. These models are classified into four scales: macroscopic scale, mesoscopic scale, microscopic scale and multi-scale (macro/meso, meso/micro). The advantages and disadvantages of each model are highlighted and discussed.

Previous works based on microscopic modelling at the fibre scale are featured. For this purpose, we present the mechanical responses of one or more fibres subjected to transverse compression, based on experimental, analytical and numerical results. Some experimental and numerical works are also reviewed.

-Chapter 2: Numerical analysis of microscopic transverse compressive behaviour of fibres In this chapter, the microscopic transverse compressive behaviour of fibres is analysed. Indeed, the study of compression on this scale is motivated by the responses of the projectile in the area affected by the impact. Numerical modelling is developed in four configurations: (i) a single fibre; (ii) two fibres; (iii) a block of fibres; (iv) a yarn.

Numerical calculations are performed in the case of transverse compression using the assumption of 2D plane strain. In addition, the mesh convergence is studied in order to find the optimal number of finite elements for a cross-section of a fibre. The interactions with the friction between each fibre are considered. Non-linear evolution of the nominal stress and strain in the case of transverse compression of one and two fibres is obtained.

This modelling is verified in the case of two Kevlar fibres (Kevlar® KM2 and Kevlar® 49). In the case of a block of fibres, we investigate the effects of friction on mechanical responses in terms of apparent stress-strain curves. The numerical results are validated by comparison with the experimental data.

Numerical modelling is applied to analyse the behaviour of one yarn composed of 400 fibres subjected to transverse compression, considering the elliptical shape the crosssection of the yarn. The mechanical response in terms of force-displacement curves clearly shows two main zones: (i) a zone of rearrangement of fibres where the volume fraction of the fibres is constant, (ii) a zone of non-linear behaviour corresponding to the compression of fibres where the volume fraction of the fibres increases with displacement. A relationship between the apparent effective strain and the volume fraction is also obtained.

-Chapter 3: Homogenization of transverse compressive behaviour of fibres

In this chapter, the transverse compression behaviour of fibres is studied using a numerical elementary homogenization approach. In the first part, an overview of the numerical homogenization method is presented. The concept of numerical homogenization and the most important notions, including the Representative Volume Element (RVE) and boundary conditions, are presented in detail. Several results of previous works concerning the application of the homogenization method on woven materials are presented in this section.

In the second part, the numerical homogenization method is developed to evaluate the effective properties in the case of a block of fibres and one yarn subjected to transverse compression. These homogenized behaviour laws are implemented in the ABAQUS software via a user-defined subroutine and validated by comparison with the results of microscopic models. An Effective Homogenized Material (EHM) for one yarn is proposed, leading to exciting results in terms of apparent stress-strain curves. This modelling allows for a robust model for the study of the impact of woven materials.

-Chapter 4: Microscopic behaviour of a fabric subjected to ballistic impact

In this chapter, the behaviour of the woven material subjected to a ballistic impact (impact velocity of 245 m/s) is studied using a microscopic approach in the case of (i) a single crimped yarn and (ii) one fabric. In the case of a single crimped yarn, two numerical fibre-scale models, in which 400 fibres are represented by 42 and 98 equivalent fibres, respectively, are conducted. The two models are compared by analysing the energies of the yarn, the propagation of the transverse waves and the velocity of the projectile versus time. The tension forces of each fibre are observed. The results are compared with those obtained via mesoscopic modelling. Fibre failure during impact is analysed, resulting in exciting information regarding the damage process of the yarn in contact with a projectile.

Subsequently, a micro-mesoscopic multi-scale model of tissue is developed. Indeed, we consider a fabric with two primary yarns modelled at the microscopic scale (fibre scale) and the rest is modelled as a mesoscopic model. This approach allows for a better analysis of the physical mechanisms occurring in the impact zone under the projectile. It highlights the sliding phenomena and fibre failure, as well as the fibre-fibre and fibreyarn interactions. This multi-scale model is also compared with a validated mesoscopic model.

This thesis contains a general introduction, conclusion and perspectives. At the end of the thesis, a list of bibliographic references is presented. 

Résumé

I.1 Ballistic impact phenomenon

I.1.1 Introduction

Nowadays, high-performance ballistic materials have become familiar and have gradually replaced metals, in particular or specific applications, thanks to their flexibility and high strength-to-weight ratio. These applications, requiring exceptional resistance, are commonly niche products, such as lightweight composite materials for aircraft, ballistic fibres, and bullet or body armour.

It is well known that the impact phenomenon can be classified into four types based on the range of impact velocity as follows: (i) low-velocity impact (up to 30 m/s), (ii) high-velocity impact (from 30 to 200 m/s), (iii) ballistic velocity impact (more than 200 m/s) and (iv) hypervelocity impact (more than 15 000 m/s) [START_REF] Loganathan | 10 -Ballistic impact response of laminated hybrid composite materials[END_REF][START_REF] Ellis | Ballistic impact resistance of graphite epoxy composites with shape memory alloy and extended chain polyethylene spectra hybrid components[END_REF]. The ballistic impact response of a woven fabric is a complex process due to the rapid impact velocity, the very short period, and the complicated structure. The ballistic performance of woven fabrics has been studied for decades by analytical, experimental, and numerical approaches [START_REF] Tabiei | Ballistic Impact of Dry Woven Fabric Composites: A Review[END_REF][START_REF] Cheeseman | Ballistic impact into fabric and compliant composite laminates[END_REF]. It should be noted that a fabric consists of a bundle of yarns, while the yarn is comprised of hundreds of fibres.

Therefore, the ballistic impact phenomenon has been mainly analysed on three scales: (i) macroscopic (fabric) scale, (ii) mesoscopic (yarn) scale and (iii) microscopic (fibre) scale. On the macroscopic scale, the fabric is considered as a homogeneous plate, while on the mesoscopic one, the fabric is divided into homogeneous yarns.

I.1.2 Ballistic impact responses

In this section, a general presentation on the ballistic impact response of textile materials is introduced. Firstly the impact response of one yarn is presented via the analytical theory well-known in the literature. Then, the main deformation mechanisms of woven fabric are illustrated.

Ballistic impact response of one yarn

The theory of the ballistic impact of one yarn was first studied in reference [START_REF] Stone | Stress-Strain Relationships in Yarns Subjected to Rapid Impact Loading: Part I: Equipment, Testing Procedure, and Typical Results1,2[END_REF] As the projectile pushes the yarn, material points are deflected in the projectile direction. The transverse wave t V travels much slower than the longitudinal one (one order magnitude). A V-shape zone near the impact point is induced. However, this wave does not strain the yarn further [START_REF] Chocron | Modeling and validation of full fabric targets under ballistic impact[END_REF]. The speed of the transverse wave is calculated as the function of the longitudinal wave and the elastic strain  (Equation I.2). The strain can be found from the projectile velocity p V in Equation I.3 [START_REF] Smith | Stress-Strain Relationships in Yarns Subjected to Rapid Impact Loading: Part III. Effect of Wave Propagation[END_REF][START_REF] Smith | Stress-Strain Relationships in Yarns Subjected to Rapid Impact Loading: Part V: Wave Propagation in Long Textile Yarns Impacted Transversely[END_REF], as follows: The transition of the two response modes can be determined by the ballistic limit or V50. This value is the striking velocity at which the fabric is perforated with the probability of 50%. Figure I.6 presents an example of a V0-V100 curve. From this curve, the ballistic limit can be detected.
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Figure I.6

An example of V 0 -V 100 curves [START_REF] Nilakantan | Virtual ballistic impact testing of Kevlar soft armor: Predictive and validated finite element modeling of the V0-V100 probabilistic penetration response[END_REF].

The global response is dominant in the case of a low-velocity impact, inferior to the ballistic limit. This reaction depends on the fabric dimension and concerns the transfer of the deformation wave and the formation cone. In this case, the projectile is trapped, and no penetration occurs. Thus, the fabric absorbs the whole impact energy. The impact duration is long enough for the energy of the projectile to be transferred and spread through the fabric. Two waves are generated and reach the boundaries of the fabric:

-A longitudinal wave is initiated when the projectile strikes the fabric. This one travels at the speed of sound in the yarns directly in contact with the projectile (primary yarns). These yarns are stretched, and the material moves in-plane towards the impact point [START_REF] Shahkarami | 3 -Material responses to ballistic impact[END_REF].

-A transverse wave is generated when the primary yarns start to move along the impact direction and transmit their displacement to the other ones (called secondary yarns). The deflection moves with a much slower speed than the longitudinal one outside the impact zone resulting in a deformation pyramid [START_REF] Shahkarami | 3 -Material responses to ballistic impact[END_REF][START_REF] Parsons | Impact of woven fabric: Experiments and mesostructure-based continuum-level simulations[END_REF].

The local response is characterised by the local damage mechanisms within the impact zone, such as shear, perforation, shear plugging, and fibre breakage. In this case, the striking velocity is higher than the ballistic limit. As the projectile penetrates the fabric, the projectile energy is partially absorbed, and residual velocity is observed

(Figure I.7).
It should be noted that two scenarios can be observed:

-Low-velocity perforation: the velocity is higher than the ballistic limit. Despite yarn failure, longitudinal and transverse waves still propagate. In comparison with the global reaction, the impact pyramid is smaller, and the impact zone is narrower.

-High-velocity perforation: in this case, the velocity is much higher. There is not enough time for the fabric to be deformed. The fabric is immediately penetrated.

Figure I.7

Projectile velocity in the case of perforation and non-perforation impact [START_REF] Ha-Minh | Numerical study on the effects of yarn mechanical transverse properties on the ballistic impact behaviour of textile fabric[END_REF].

From the energetic point of view, after impacting the fabric, the projectile velocity is reduced, leading to the loss of projectile kinetic energy. Assuming that the projectile is rigid, the loss of projectile kinetic energy pk E  is absorbed by the fabric and converted into fabric deformation energy fd E , fabric kinetic energy fk E and energy lost in frictional sliding f E [22, 23], as shown in the Equation I.4:

I.4. pk fd fk f E E E E     (I.4)
The loss of projectile kinetic energy can be determined from ballistic experiments in the relationship with an initial and residual velocity of the projectile [START_REF] Duan | A numerical investigation of the influence of friction on energy absorption by a high-strength fabric subjected to ballistic impact[END_REF][START_REF] Gu | Analytical modeling for the ballistic perforation of planar plain-woven fabric target by projectile[END_REF][START_REF] Cunniff | An Analysis of the System Effects in Woven Fabrics under Ballistic Impact[END_REF][START_REF] Briscoe | The ballistic impact characteristics of aramid fabrics: The influence of interface friction[END_REF] or in the function of time by a method taken from the work of Starratt et al. [START_REF] Starratt | An efficient method for continuous measurement of projectile motion in ballistic impact experiments[END_REF]. While the deformation energy relates to the energy of the primary yarns and the secondary yarns in the deformed zone, the kinetic energy is determined by the energy of the material in the impact pyramid zone [START_REF] Chu | Étude du comportement mécanique d'un matériau tissé soumis à un impact balistique basée sur une approche multi-échelle[END_REF][START_REF] Chu | Analysis of local and global localizations on the failure phenomenon of 3D interlock woven fabrics under ballistic impact[END_REF]. These energies can be obtained from the following equations:
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Where d V is the deformed volume, p V is the volume of the deformed pyramid, m stands for the mass of the projectile, and v, i v , r v are the velocity, the initial velocity and the residual velocity of the projectile, respectively. E , and  denote the Young's modulus and strain of the material, respectively.

I.2 Influencing factors

In the previous sections, the ballistic performance has been introduced. In this section, factors influencing the ballistic performance are presented. The ballistic performance of the fabric is influenced by a combination of many factors, such as projectile velocity, projectile properties, properties of the fabric, and boundary conditions [START_REF] Tabiei | Ballistic Impact of Dry Woven Fabric Composites: A Review[END_REF][START_REF] Cheeseman | Ballistic impact into fabric and compliant composite laminates[END_REF][START_REF] Roylance | Ballistic Impact of Textile Structures[END_REF][START_REF] Roylance | Chapter 12 -Penetration Mechanics of Textile Structures[END_REF][START_REF] Prosser | Heat as a Factor in the Penetration of Cloth Ballistic Panels by 0.22 Caliber Projectiles[END_REF]. Here, three factors are focussed upon: (i) material properties, (ii) friction and (iii) fabric structure.

I.2.1 Influence of material properties

Fibre and yarn properties, such as Young's modulus and density, play an essential role in determining the behaviour of the fabric. The amount of energy absorbed depends on Young's modulus and the density of the material. Moreover, the deformation of the yarn is affected by the sound speed of the material, which is a function of the material's Young's modulus and density.

In 1999, Cunniff [START_REF] Cunniff | Dimensionless Parameters for Optimization of Textile Based Body Armor Systems[END_REF] introduced the product of the specific fibre toughness and strain wave velocity * 2 E U    for evaluating the ballistic performance of fibres [START_REF] Tabiei | Ballistic Impact of Dry Woven Fabric Composites: A Review[END_REF]. It clearly shows that a high Young's modulus, and high ratio of Young's modulus to density, determine a better ballistic performance. [START_REF] Rao | Modeling the effects of yarn material properties and friction on the ballistic impact of a plain-weave fabric[END_REF]. The authors conducted a numerical model of a rigid sphere impacting onto a plain-weave Kevlar KM2 fabric with four different material parameters. A quasistatic friction experiment was also incorporated into the model. The material with higher stiffness but lower strength was not penetrated, whereas the material with lower stiffness and higher strength was penetrated. In the case of the same strength, the higher stiffness material presented a better resistance and determined the initiation of the damage, while with the same stiffness, the higher strength material decelerates the projectile faster, resulting in a lower residual velocity.

Figure I.8

The effect of material properties to the projectile velocity [START_REF] Rao | Modeling the effects of yarn material properties and friction on the ballistic impact of a plain-weave fabric[END_REF].

The effect of yarn transverse properties was numerically studied by Ha Minh et al.

in 2012 [START_REF] Ha-Minh | Numerical study on the effects of yarn mechanical transverse properties on the ballistic impact behaviour of textile fabric[END_REF]. Poisson's ratio, transverse Young's, and the shear moduli were investigated in the case of one Kevlar KM2 single crimp yarn and one Kevlar KM2 fabric. The effect was insignificant except for premature damages of yarns caused by the case of very low Young's modulus, or that of very high shear modulus.

I.2.2 Influence of friction coefficient

Friction, including yarn-yarn, fibre-fibre, and projectile-yarn friction, has a vital contribution to the absorbed energy. Briscoe et al. [START_REF] Briscoe | The ballistic impact characteristics of aramid fabrics: The influence of interface friction[END_REF] studied the effect of aramid fabrics surface friction to their ballistic performance with different fabric weaves, and levels of inter-fibre, and inter-yarn friction. The experiments showed that in a fabric with higher inter-yarn friction, a larger amount of energy is dissipated. Using a yarn pull-out method, many researchers [START_REF] Martínez | Friction and wear behaviour of Kevlar fabrics[END_REF][START_REF] Bazhenov | Dissipation of energy by bulletproof aramid fabric[END_REF][START_REF] Bilisik | Experimental determination of yarn pull-out properties of para-aramid (Kevlar®) woven fabric[END_REF][START_REF] Kirkwood | Yarn Pull-Out as a Mechanism for Dissipating Ballistic Impact Energy in Kevlar® KM-2 Fabric: Part II: Predicting Ballistic Performance[END_REF] have measured the friction of yarns. They found that Chapter I Bibliography Analysis -25-yarn-yarn friction determines the expansion of the pull-out zone, and then the dissipated energy during the pull-out and damage process.

Many authors have also conducted numerical investigations. Duan et al. have published many articles studying the effect of friction on the ballistic performance of 2D Kevlar KM2 plain-woven fabrics [START_REF] Duan | A numerical investigation of the influence of friction on energy absorption by a high-strength fabric subjected to ballistic impact[END_REF][START_REF] Duan | Modeling friction effects on the ballistic impact behavior of a single-ply high-strength fabric[END_REF][START_REF] Duan | Modeling the role of friction during ballistic impact of a high-strength plain-weave fabric[END_REF][START_REF] Duan | Finite element modeling of transverse impact on a ballistic fabric[END_REF]. Friction in yarn-yarn and projectile-yarn contacts has been defined. Figure I.9 clearly shows that friction sharply affects the evolution of the projectile velocity. The authors concluded that the higher the friction is, the higher amount of impact energy is absorbed. The relative yarn-yarn motion is prevented by yarn-yarn friction. Thus, yarn-yarn friction leads to the early failure of the fabric. However, the projectile-yarn friction distributes the maximum stress along the periphery of the contact zone. Therefore, yarn breakage is delayed, and the amount of energy absorbed by the fabric increases. 

I.2.3 Influence of projectile properties

Projectile geometry determines its ability and how it penetrates the fabric [START_REF] Cheeseman | Ballistic impact into fabric and compliant composite laminates[END_REF]. This effect has been numerically and experimentally studied. Blunt and pointed bullets perform differently. While pointed bullets have a better ability to slide through the fabric, blunt bullets decelerate faster [START_REF] Bazhenov | Dissipation of energy by bulletproof aramid fabric[END_REF][START_REF] Montgomery | The Effects of Projectile Geometry on the Performance of Ballistic Fabrics[END_REF]. Tan and Lim et al. [START_REF] Tan | Perforation of high-strength fabric by projectiles of different geometry[END_REF][START_REF] Lim | Perforation of high-strength double-ply fabric system by varying shaped projectiles[END_REF] From the numerical point of view, Nilakantan et al. [START_REF] Nilakantan | A deterministic finite element analysis of the effects of projectile characteristics on the impact response of fully clamped flexible woven fabrics[END_REF][START_REF] Nilakantan | Finite element analysis of projectile size and shape effects on the probabilistic penetration response of high strength fabrics[END_REF] investigated the effect of projectile size and shape by varying the size of six projectiles of spherical, cylindrical, and conical shapes. The mass and velocity were the same for all cases. These works confirmed the result of the experimental works. The order of impact performance of the fabric from lowest to highest residual projectile velocity was as follows: cylinder, sphere, and cone (Figure I.14). In the case of the same shape, the larger bullets caused a lower residual velocity [START_REF] Nilakantan | A deterministic finite element analysis of the effects of projectile characteristics on the impact response of fully clamped flexible woven fabrics[END_REF]. [START_REF] Nilakantan | A deterministic finite element analysis of the effects of projectile characteristics on the impact response of fully clamped flexible woven fabrics[END_REF].

Figure I.14 Comparison of projectile velocity histories

I.3 Numerical modelling of ballistic impact response

The ballistic performance of the fabric is very complex due to the complicated structure and rapid impact velocity. Thus, the number of experimental works is limited and unable to predict all of the mechanisms. Additionally, the cost of the experiment is very high. Therefore, numerical modelling has been conducted alongside experimental and analytical approaches. global zone, which is modelled on a coarser scale.

I.3.1 Macroscopic model

Macroscopic models of 2D woven fabrics subjected to ballistic impact were firstly developed by Roylance et al. in a series of papers [START_REF] Roylance | Ballistic Impact of Textile Structures[END_REF][START_REF] Roylance | Chapter 12 -Penetration Mechanics of Textile Structures[END_REF][START_REF] Roylance | Numerical analysis of projectile impact in woven texile structures[END_REF][START_REF] Roylance | Wave Propagation in a Viscoelastic Fiber Subjected to Transverse Impact[END_REF][START_REF] Roylance | Numerical modeling of fabric impact[END_REF][START_REF] Roylance | Penetration mechanics of textile structures[END_REF][START_REF] Roylance | Stress wave propagation in fibres: Effect of crossovers[END_REF]. The authors assumed warp and weft yarns as no-mass beam elements forming a regular grid. The masses were concentrated in the intersection point of the beam system. The results showed that projectile energy is mostly transferred to the primary yarns as kinetic and deformation energy. A similar model of plain-woven fabric was also developed by Shim et al. [START_REF] Shim | Modelling deformation and damage characteristics of woven fabric under small projectile impact[END_REF] elements. The plate was assumed as orthotropic, and its properties were the same as one single yarn. The mass density was calculated to ensure that the mass of the homogeneous plate and the real fabric were the same. The authors concluded that the macroscopic model was able to predict global reactions, such as energy absorbed, the formation of deformation pyramid, and projectile time-velocity, as well as the residual velocity. The 

I.3.2 Mesoscopic model

As the macroscopic model cannot predict local behaviour of the fabric, it is necessary, therefore, to develop the mesoscopic model in which the weaving parameters and yarn-yarn interactions are considered. Normally, a yarn is considered as a transversely orthotropic material. The axis of material symmetry is parallel to the yarn's longitudinal axis. Since the 2000s, many authors have conducted finite element numerical models. Two types of elements are mainly used: solid and 3D shell elements.

Gu [START_REF] Gu | Ballistic Penetration of Conically Cylindrical Steel Projectile into Plain-woven Fabric Target -A Finite Element Simulation[END_REF] conducted one of the first mesoscopic models. The conically cylindrical steel projectile and yarns were meshed with solid elements. The actual structure of a real multi-layer fabric was obtained by representing crimps of yarns. The residual projectile velocity, the deformation, and the damage of the fabric and yarns were predicted with a good agreement with experimental results. However, the projectile was slowed down the most effectively in the case of four edges free [START_REF] Duan | Finite element modeling of transverse impact on a ballistic fabric[END_REF]. considered in order to recalculate the density of yarns. The results confirmed the influence of friction on ballistic performance. It was also noted that near the ballistic limit, the yarn-yarn friction is more critical than the fabric-projectile friction.

Nilakantan et al. [START_REF] Nilakantan | Virtual ballistic impact testing of Kevlar soft armor: Predictive and validated finite element modeling of the V0-V100 probabilistic penetration response[END_REF][START_REF] Nilakantan | A deterministic finite element analysis of the effects of projectile characteristics on the impact response of fully clamped flexible woven fabrics[END_REF][START_REF] Nilakantan | Finite element analysis of projectile size and shape effects on the probabilistic penetration response of high strength fabrics[END_REF][START_REF] Nilakantan | Computational modeling of the probabilistic impact response of flexible fabrics[END_REF][START_REF] Nilakantan | Effect of statistical yarn tensile strength on the probabilistic impact response of woven fabrics[END_REF][START_REF] Nilakantan | Ballistic impact modeling of woven fabrics considering yarn strength, friction, projectile impact location, and fabric boundary condition effects[END_REF][START_REF] Nilakantan | Effects of clamping design on the ballistic impact response of soft body armor[END_REF][START_REF] Nilakantan | Effects of fabric target shape and size on the V50 ballistic impact response of soft body armor[END_REF] developed new models based on the above works of Duan and Rao in order to evaluate the probabilistic and deterministic impact response of the fabric. Here, one through-thickness element was adopted instead of two.

Except for the four elements used in reference [START_REF] Nilakantan | Virtual ballistic impact testing of Kevlar soft armor: Predictive and validated finite element modeling of the V0-V100 probabilistic penetration response[END_REF], five elements were used to discretise the yarn cross-section [START_REF] Nilakantan | Computational modeling of the probabilistic impact response of flexible fabrics[END_REF]. The authors also adopted a new mesh [START_REF] Nilakantan | Virtual microstructure generation using thermal growth: Case study of a plainweave Kevlar fabric[END_REF] in order to introduce a new "thermal growth" method. This method has the capacity to generate the realistic virtual microstructures of woven fabrics. The results showed that four-elements-models were sufficient to predict the ballistic performance. On the other hand, the authors underlined that in the work of Barauskas [68], the number of integration points through the thickness of one element should be two instead of one in order to better predict the bending resistance of yarns. therefore, the behaviours of both models come mostly from the primary yarns.

Figure I.24

Projectile velocity evolution versus time [START_REF] Ha-Minh | Numerical analysis of a ballistic impact on textile fabric[END_REF].

Chapter I Bibliography Analysis -35-Chu et al. [START_REF] Chu | A numerical investigation of the influence of yarn mechanical and physical properties on the ballistic impact behavior of a Kevlar KM2® woven fabric[END_REF][START_REF] Chu | Analysis of local and global localizations on the failure phenomenon of 3D interlock woven fabrics under ballistic impact[END_REF] also conducted two mesoscopic models of Kevlar woven fabric.

Reference [START_REF] Chu | A numerical investigation of the influence of yarn mechanical and physical properties on the ballistic impact behavior of a Kevlar KM2® woven fabric[END_REF] investigated the effect of yarn properties on the ballistic performance of a 2D fabric. The effect of yarn density was insignificant, while a very high longitudinal -Global region: a macroscopic model is applied. In this region, no damage occurs.

Thus, a coarser mesh is used. Barauskas et al. [START_REF] Barauskas | Computational analysis of impact of a bullet against the multilayer fabrics in LS-DYNA[END_REF] used tied constraint to connect the two zones. In order to maintain the continuity between local and global zones, the speeds of wave propagation in the two regions were made the same by adjusting the material properties. Rao et al. [START_REF] Rao | Global/Local Modeling of Ballistic Impact onto Woven Fabrics[END_REF] proposed that both the areal density and transverse wave propagation velocity must be the same across the two regions. Thus, the effective density and stiffness of the global region were adjusted, while those of the global region were maintained. The mass density of each region was calculated to ensure that the mass of the multi-scale plate was equal to the real fabric. Acoustic impedance through material cross-section was calculated as proposed in the work of Rao et al. [START_REF] Rao | Global/Local Modeling of Ballistic Impact onto Woven Fabrics[END_REF].

I.9.

Z A E  (I.9)

Where A is the cross-section area of the interface, E is Young's modulus, and  is the mass density. 

I.3.4 Microscopic model

As both the macroscopic and mesoscopic cannot describe the interactions between fibres during the impact process, simulation of fabrics on the fibres scale has also been investigated. Some authors have proposed the notion of an equivalent fibre which can represent a group of fibres. Furthermore, some microscopic models of a single yarn have been conducted.

Zhou et al. [START_REF] Zhou | Multi-chain digital element analysis in textile mechanics[END_REF] proposed a new numerical method called the "Digital Element Recently, Del Sorbo et al. [START_REF] Del Sorbo | Numerical investigations on a yarn structure at the microscale towards scale transition[END_REF] also developed a microscopic model of one single Kevlar KM2 yarn, subjected to transverse impact, using a discrete element method (DEM). In this model, truss elements were adopted instead of the 3D solid elements used in the two previous models. Additionally, the cross-section of the yarn was assumed to be circular. Yarn deformation (Figure I.42), projectile velocity, and impact energy were obtained. Sensitivity to friction was also investigated. The results showed a good agreement in comparison with the finite element model of Nilakantan [START_REF] Nilakantan | Filament-level modeling of Kevlar KM2 yarns for ballistic impact studies[END_REF]. However, individual fibre deformation was not captured, and there were differences in the postfailure phase. 
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Where the coefficients ij C of the constitutive matrix are as follows: I.11. (1 No friction was introduced in the contact zone. As the cross-section dimension of a single fibre can be negligible in comparison with its length, a 2D plane strain problem was considered. The material was assumed to be transversely orthotropic. The load-displacement relationship was proposed as follows:
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I.4.3 Numerical modelling

Besides the experimental part in reference [START_REF] Cheng | Experimental investigation of the transverse mechanical properties of a single Kevlar® KM2 fiber[END_REF], the authors also conducted a numerical model. Nominal stress and nominal strain were introduced. Nominal stress was defined as the load per unit length divided by the initial fibre diameter, while nominal strain was defined as the platen displacement divided by the initial fibre diameter given by the following equations: 

I.

I.5 Elementary homogenization approach of transverse compressive behaviour of

Kevlar yarns

In this part, the elementary homogenisation approach of transverse compressive behaviour of Kevlar yarns is reviewed. This approach aims to obtain an effective transverse material law for the equivalent homogenised yarn. This homogenised yarn allows not only the obtention of acceptable results, but also a reduction of computation time.

Figure I.52 presents the computational modelling approach for FE analysis of fabric compression of Hua et al. [START_REF] Lin | Finite element modelling of fabric compression[END_REF]. A unit cell was compressed between two parallel plates.

The authors proposed a nonlinear material law for one homogenised yarn, in which the nominal stress, strain and Young's modulus are approximated as a power function of the volume fraction, as follows: I.16. Finally, the authors highlighted the need for a nonlinear material law of the homogenised yarn in order to accurately predict the transverse compressive behaviour. The state of the art in fabric ballistic impact modelling has been presented. Three types of model scale are commonly used: macroscopic, mesoscopic, and microscopic scales. The macroscopic model can predict the global behaviour of the fabric; however, yarn failure and windowing cannot be simulated using this scale. The mesoscopic model has the capacity for these phenomena, but with a higher computational time. Thus, the macro-meso multi-scale model was developed in order to predict the behaviour of textile fabrics on the yarn scale, with a reasonable computational cost. This model consists of mesoscopic and macroscopic regions. The mesoscopic region is located in the impact zone, in which yarn failure occurs, while the macroscopic is placed far away from the impact zone with no failure.

 

The microscopic model has been developed since the beginning of 2000s. This model can accurately predict the ballistic performance on the fibre scale. However, the computational cost is very high due to a huge number of elements and fibre-fibre interactions. Up to now, there is no fully microscopic model of the fabric. Some models of the fabric have been developed with the concept of equivalent fibre. A digital element was adopted in order to depict the yarn by a smaller number of digital elements instead of hundreds of fibres. Numerical models of one single yarn have been developed. Fibre failure and fibre-fibre interactions were observed. However, the models have not been validated by the experimental data. Additionally, the configuration of fibres within a yarn is different from a realistic one. Transverse compressive behaviours of one single fibre and one single yarn have been investigated using a 2D plane strain assumption. The results show a highly non-linear elastic behaviour. It was observed that the effect of friction is negligible. The elementary homogenization approach of textile fabrics ballistic performance has also been conducted. In the case of transverse compressive behaviour of one yarn, some effective homogenised material laws have been proposed. However, these laws are empirical, linear elastic, and thus cannot predict the non-linear elastic behaviour.

In the following works of the thesis, the microscopic behaviour of the fibres of woven material will be investigated in the case of transverse compressive behaviour and ballistic responses of a fabric. Microscopic transverse compressive behaviour of fibres will be considered by taking into account the contacts between fibres and the variation of fibre volume fraction. Based on numerical homogenization approach, an effective transverse homogenized material law of one yarn will be obtained. The ballistic responses of the fibres are also analysed using a meso-microscopic multi-scale model. In this case, local fibre failure and the interactions between fibres and fibres-yarn in the impact zone are predicted.

II.1 Introduction

The ballistic impact process of a woven fabric is very complicated due to the high In this chapter, our work focuses on studying the compression behaviour of both fibres and yarn using a microscopic scale approach. This analysis is necessary to better It is assumed that the material is still in the elastic domain [START_REF] Ha-Minh | Analysis on failure mechanisms of an interlock woven fabric under ballistic impact[END_REF]. The properties are shown in Table II 
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Where the coefficients ij C of the constitutive matrix are as follows: II.2. 
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II.2.2 Boundary conditions and meshing

The numerical model is developed using the commercial The platen is considered as a rigid body because the Young's modulus of the fibre is insignificant compared to that of the platen. A constant compression velocity of 0.01m/s is chosen not only to ensure the quasi-static behaviour of the material (kinetic energy is negligible in comparison with internal energy [START_REF] Staniszewski | Modeling the Fibrillation of Kevlar® KM2 Single Fibers Subjected to Transverse Compression[END_REF]) but also to gain the computation time (approximately 4 minutes using 4 CPU cores in a Windows 64 environment).

As discussed in the reference [START_REF] Sockalingam | On the transverse compression response of Kevlar KM2 using fiber-level finite element model[END_REF], the effect of the fibre-compressor friction coefficient is insignificant. Therefore, the friction coefficient between the fibrecompressor is supposed to equal to 0.2 based on the references [START_REF] Briscoe | The ballistic impact characteristics of aramid fabrics: The influence of interface friction[END_REF][START_REF] Rao | Modeling the effects of yarn material properties and friction on the ballistic impact of a plain-weave fabric[END_REF][START_REF] Sockalingam | On the transverse compression response of Kevlar KM2 using fiber-level finite element model[END_REF]. Moreover, contact between the compressor and the fibre is simulated by penalty contact.

Mesh convergence is studied to find the optimisation of the fibre cross-section mesh in order to reduce the calculation time. 

II.2.3 Results and discussion

Figure II.8 presents the results of one single Kevlar KM2 fibre in terms of nominal stress/nominal strain compared to the experimental data in references [START_REF] Cheng | Experimental investigation of the transverse mechanical properties of a single Kevlar® KM2 fiber[END_REF][START_REF] Sockalingam | On the transverse compression response of Kevlar KM2 using fiber-level finite element model[END_REF]. Nominal stress is defined as the load F per unit length divided by the initial fibre diameter 2r , while the nominal strain is defined as the platen displacement divided by the initial fibre diameter given by the following equations:

II.3. 2 F r   (II.3) II.4. 2r    (II.4)
where  is the displacement of the platen.

Figure II.8 Mesh density convergence study in comparison with experimental data.

This clearly shows that the curves converge from the mesh of 128 finite elements.

Therefore, this one will be used in all simulations. A good agreement between the numerical results and the experimental data (with an average error of 10%) is obtained.

Chapter II Numerical analysis of microscopic transverse compressive behaviour of fibres -66- 

II.3 Numerical modelling of transverse compression of two fibres

In the previous section, the compressor-fibre contact and fibre deformation are validated. In this section, a numerical model of two fibres subjected to compressive load is simulated to predict and validate the fibre-fibre contact. Because of its symmetric 

II.4 Numerical modelling of transverse compression of a block of fibres

In this section, a compressive model of a block of Kevlar 49 fibres is developed. A 2D plane strain FE model is conducted with the schematic shown in Figure II.17. In the experiment of Burgoyne and Brown [START_REF] Bourgoyne | Transverse properties of bulk aramid fibres[END_REF], fibres were compressed in a chamber. In the initial state, the block was highly porous. Then, the block of fibres was compressed and became compacted during the unloading/reloading processes. Therefore, the block dimension at the last unloading/reloading cycle (20x7mm) is chosen for this simulation due to the optimal arrangement of the fibres. Due to the calculation limitation, three dimensions of the quarter model are chosen, 35x96m, 74x203m and 113x316m.

These dimensions are selected based on the scale 1:1000 of the optimal arrangement state dimension. platen in order to ensure the quasi-static behaviour of the material. Initially, the fibrefibre and fibre-compressor frictions are assumed to be 0.2 [START_REF] Sockalingam | On the transverse compression response of Kevlar KM2 using fiber-level finite element model[END_REF]. The effect of friction will be investigated later. In this section, apparent stress and strain are introduced, as follows:
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Where F is the reaction force per unit of the platen, and w and h are half of the width and the height of the specimen, respectively. The former is considered as the reaction force per unit of the compressor dived by the specimen width. While the latter is defined as the displacement of the compressor dived by the height of the specimen [START_REF] Sockalingam | On the transverse compression response of Kevlar KM2 using fiber-level finite element model[END_REF].

Figure II.19 shows the apparent stress-strain curves. The results are compared with the experimental data [START_REF] Bourgoyne | Transverse properties of bulk aramid fibres[END_REF]. At the beginning (apparent strain smaller than 2%), the apparent stress is insignificant because, at this stage, there is no deformation. Afterwards, fibres are compressed, and thus the nominal stress increases. It should be noted that the effect of the block dimension is negligible. Due to a good agreement with experimental data, the 35x96m model is selected for the next steps. This one also gains computation time as its dimensions are optimal. 

II.5 Numerical modelling of a transverse compression of one yarn

In this section, the microscopic behaviour of one Kevlar KM2 yarn of Kevlar S706 fabric subjected to transverse compressive loading is investigated. Normally, one yarn consists of about 400 fibres. The yarn cross-section is assumed to be an ellipse (Figure II.25b). As discussed in reference [START_REF] Nilakantan | Virtual microstructure generation using thermal growth: Case study of a plainweave Kevlar fabric[END_REF], the centre line of the neighbouring yarn is described by the following equations: II. [START_REF] Cheeseman | Ballistic impact into fabric and compliant composite laminates[END_REF] Here, t presents the thickness of yarns, and S is the yarn span. The yarn centre line is along the X axis, and i x , i y represent a set of discrete points. The optimal parameters of the yarn are also proposed in reference [START_REF] Nilakantan | Virtual microstructure generation using thermal growth: Case study of a plainweave Kevlar fabric[END_REF]. The dimensions of the cross-section are as follows: 

II.5.2 Results and discussion

The results in this part can be represented by a typical curve of the compression force versus the total displacement of the compressor, as shown in Figure II.35 shows the apparent stress-effective apparent strain curve. Since in Zone 1, fibres rearrange, and the deformation is negligible, this zone is not considered. The apparent stress is defined as the reaction force per unit length divided by the length of the major axis of the cross-section, while the effective apparent strain is defined as the effective displacement of the rigid platen R  divided by the length of the minor axis of the elliptical cross-section [START_REF] Sockalingam | On the transverse compression response of Kevlar KM2 using fiber-level finite element model[END_REF], as shown in the following equations: II.9. Indeed, the effective apparent strain curve is described by a power law in a relationship with a normalised fibre volume fraction, as shown in Figure II.37, and the following equation: II.12.

1.5 0 3. [START_REF] Hudspeth | Effect of projectile nose geometry on the critical velocity and failure of yarn subjected to transverse impact[END_REF] 1
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This is an important remark as the normalised fibre volume fraction is unitless and can be considered as a parameter of a homogenised effective material law, which will be discussed further in the next chapter. 

II.6 Conclusion

In this chapter, the transverse compressive behaviour of Kevlar 49 and Kevlar KM2 fibres in the case of a block of fibres and one yarn is investigated using microscopic numerical approaches.

The transverse compression model of one block of fibres was validated by comparing with data from experimental works in terms of the nominal stress-nominal strain relationship. Non-linear behaviour was observed. The results show the insignificant role of the friction and the dimensions of the block.

In the case of one yarn, the observed behaviour was divided into two zones.

Furthermore, the second zone is highly nonlinear elastic. A power-law relationship between effective apparent strain and normalised volume fraction is also captured. The results from microscopic models will be used to validate the homogenised approach in the next chapter. 

Résumé

Part 1. A Review of Homogenization Method

Chapter III Homogenization of transverse compressive behaviour of fibres

III.1 Introduction of homogenization method

This part aims to introduce numerical homogenisation using the finite element method. Firstly, we introduce the concept of homogenisation. Then, an overview of numerical homogenisation using the finite element method is briefly presented. The fundamental key points of the method, such as the RVE and boundary conditions, are detailed. Finally, publications regarding the numerical homogenisation of woven fabric composites are reviewed.

III.1.1 Concept of homogenization

Most of the materials, especially composites or porous materials, are heterogeneous at a sufficient scale with many components [START_REF] Kurukuri | A review of homogenization techniques for heterogeneous materials[END_REF]. Thus, it is very complicated to predict their behaviour. Therefore, the hypothesis of the continuity of a material was proposed.

In this hypothesis, the material is considered to be continuous. The concept of homogenisation is to find a homogeneous material representing the heterogeneous one at a macroscopic scale.

The homogenization method aims to derive the effective properties of heterogeneous materials from their constitutive laws and the spatial distribution of their components [START_REF] Kanit | Determination of the size of the representative volume element for random composites: statistical and numerical approach[END_REF]. In other words, a heterogeneous material is transformed into a homogeneous one called effective homogenised material (EHM), as shown in Figure 

III.1.2 Numerical homogenization using finite element method

Numerical homogenization is a robust method to determine the effective properties of heterogeneous materials, which can be applied in all cases of heterogeneous materials, especially composite materials with no restriction on the geometry, material properties or the number of phases. The calculation is rapid, and the results are accurate and reliable.

Numerical homogenization deals with solving a microscale boundary value problem [START_REF] Budarapu | Chapter One -Multiscale modeling of material failure: Theory and computational methods[END_REF]. The local governing behaviour at the macroscopic scale is estimated by solving the microscale boundary value problem. The stress-strain relationship is evaluated at each point of the macroscopic scale through solving the boundary value problem associated with the microscale. In other words, homogenization problems are solved by numerical techniques and simulation on microstructure samples. In the literature, these samples are defined as representative volume element (RVE) for irregular microstructures or unit-cell for periodic ones. The boundary conditions of the microscopic problem are defined such that the strain energy stored in the two scales, known as Hill-Mandel condition, is approximately the same or preserved [START_REF] Qi | Numerical evaluation of effective elastic properties of composites reinforced by spatially randomly distributed short fibers with certain aspect ratio[END_REF][START_REF] Saeb | Aspects of Computational Homogenization at Finite Deformations: A Unifying Review From Reuss' to Voigt's Bound[END_REF].

Numerical homogenization using the finite element method is a robust and widely used tool to obtain effective properties of heterogeneous materials. In this work, numerical homogenization using the finite element method will be used. Firstly, the basic principle of this method is presented.

The methodology comprises three main steps as follows:

- The spatial average stress and strain can be defined as follows:
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Where x denotes the spatial average value, x stands for spatial vector, V for the volume of the RVE, and  and E for the homogenised macroscopic stress and strain, respectively. It should be noted that the RVE and boundary conditions are the essential concepts of this method [START_REF] Kanit | Determination of the size of the representative volume element for random composites: statistical and numerical approach[END_REF]. Therefore, they will be detailed.

The notion of Representative Volume Element (RVE)

There are many definitions of the RVE. The RVE is generally considered as a volume V of the heterogeneous material, which is large enough to represent the material and ensure the independence of the boundary conditions [START_REF] Kanit | Determination of the size of the representative volume element for random composites: statistical and numerical approach[END_REF]. Thus, all microstructure heterogeneities, such as grains, fibres, inclusions, and voids, must be included in the RVE. On the other hand, the RVE should also be sufficiently small to be a volume element of the structure. It is concluded that the size of the RVE should be subject to the following condition:

III.3. d l L (III.3)
Here, L is the characteristic length of the macroscopic structure, l is the characteristic length of the RVE, and d is the characteristic length of the inclusion.

The classic definition of the RVE was proposed by Hill [START_REF] Hill | Elastic properties of reinforced solids: Some theoretical principles[END_REF] and extensively detailed by Hashin [START_REF] Hashin | The Elastic Moduli of Heterogeneous Materials[END_REF][START_REF] Hashin | Theory of mechanical behavior of heterogeneous media[END_REF]. The authors considered that the RVE is a sample structurally typical of the whole microstructure, and it contains a sufficient number of inclusions or heterogeneities such that the macroscopic properties are independent of the boundary conditions. Additionally, the size of the RVE should be much smaller than the size of the macroscopic body [START_REF] Hashin | Analysis of Composite Materials-A Survey[END_REF].

Chapter III Homogenization of transverse compressive behaviour of fibres -94-Sab [START_REF] Sab | On the homogenization and the simulation of random materials[END_REF] implied that the RVE should be independent of the type of boundary conditions. That was confirmed by the work of Ostoja Starzewski [START_REF] Ostoja-Starzewski | Random field models of heterogeneous materials[END_REF]. Terada et al.

highlighted that the RVE should be large enough to facilitate the calculations [START_REF] Terada | Simulation of the multi-scale convergence in computational homogenization approaches[END_REF]. In contrast, Drugan and Willis [START_REF] Drugan | A micromechanics-based nonlocal constitutive equation and estimates of representative volume element size for elastic composites[END_REF] stated that "it is the smallest material volume element of the composite for which the usual spatially constant (overall modulus) macroscopic constitutive representation is a sufficiently accurate model to represent the mean constitutive response". In other words, the size of the RVE is the smallest possible one where the macroscopic properties converge and meet.

Ostoja Starzewski [START_REF] Ostoja-Starzewski | Microstructural Randomness Versus Representative Volume Element in Thermomechanics[END_REF] implied that the RVE could be defined in two situations:

-The RVE is a repeated unit cell (RUC) in a periodic microstructure.

-The RVE is a statistically representative volume that contains a huge (mathematically infinite) set of microscale elements for a random microstructure.

Thus, in order to determine a RVE, it is necessary to consider [START_REF] Gitman | Representative volume: Existence and size determination[END_REF]:

-The statistical homogeneity and ergodicity of the material. These properties ensure that the RVE is statistically representative of the macro response.

-Length scale l of the RVE which is large enough relative to the micro-scale d of the inclusions. These length scales ensure the independence of the boundary conditions.

In the work of Kanit et al. [START_REF] Kanit | Determination of the size of the representative volume element for random composites: statistical and numerical approach[END_REF], the authors proposed that "the RVE must ensure a given accuracy of the overall estimated properties obtained by spatial averaging of the stress, the strain or the energy fields in a given domain V ". A technique for determining the size of the RVE was also introduced. Finite element calculations were applied on 4 or 5 different sample sizes. Different boundary conditions were imposed in order to verify the convergence of effective properties. The chosen size is the smallest one for which the effective properties are independent of the boundary conditions. unit cell is the smallest part that can represent the fabric. In the unit cell, the relations between warp and weft yarns are presented. The undulation of warp and fill yarns is described. In the modelling of the fabric geometry, the key parameters are the yarn crosssection, the thickness of the yarn, the yarn span length, the yarn-to-yarn distance and the degree of fibre crimp. -KUBC is described by imposing the displacement vector u at point position vector

x which belongs to the boundary V  [START_REF] Huet | Application of variational concepts to size effects in elastic heterogeneous bodies[END_REF]:

III.4. . u E x  (III.4)
Where E is a symmetrical second-order tensor independent of x implying that:

III.5. 1 V E dV V     (III.5)
The spatial average defines the macroscopic stress tensor:

III.6. 1 V dV V      (III.6)
Here   ,   are spatial average strain and stress tensor.

-SUBC is defined by applying the traction vector at the boundary:

III.7. . . , n n x V      (III.7)
Where  is a symmetrical second-order tensor independent of x implying that III.8.

1 V dV V      (III.8)
Then the macroscopic strain tensor is defined as the spatial average: In the case of linear elastic behaviour, each micro-mechanical problem (each boundary condition) admits only one single solution. Thus, it is necessary:

III.9. 1 V E dV V     (III.
-A fourth-order concentration tensor field A such that:

III.11. ( ) ( ) : , x A x E x V     (III.11)
and E  for the KUBC problem. Here, the operator : means double dot product between a tensor of order four and a second-order one.

-A fourth-order concentration tensor field B such that: III.12.

( )

( ) : , x B x x V      (III.12)
and  for the SUBC problem.

From equations III.11 and III.12, the concentration tensors relate to the fourthorder identity tensor I operating on the symmetric second-order tensor. These concentration tensors satisfy:

III.13. A B I  (III.13)
In order to determine the isotropic effective elastic properties, strain and stress tensor E and  are chosen according to the boundary conditions. For KUBC and PBC, the strain tensors are applied to a given V in the same manner [START_REF] Kanit | Determination of the size of the representative volume element for random composites: statistical and numerical approach[END_REF]: 

III.

III.1.3 Numerical homogenization of textile woven fabric

Numerical homogenization has been applied in order to predict the macroscopic and mesoscopic behaviour of textile woven fabric. Normally, the multi-scale numerical analysis using homogenization techniques is performed in two steps, as shown in Figure

III.4.
-(i) Firstly, the micro-scale RVE is selected as a unit cell of the microstructure. The properties of the homogenized yarn are determined using the properties of the fibres and the matrix on the micro-scale.

-(ii) Secondly, the macro-meso RVE is built using homogenised yarn in order to obtained effective macro properties of the fabric. Appropriate RVE and boundary conditions must be selected and applied in each step. Sun et al. [START_REF] Sun | Prediction of composite properties from a representative volume element[END_REF] stated that in order to estimate the properties of a composite material, a correct RVE must be determined according to the distribution of the fibres.

For the periodic fibre distribution, the elastic constants and fibre volume fraction of the RVE and the composite must be the same. The failure process of the woven fabric under off-axial loading was investigated using homogenization approach in reference [START_REF] Wang | Experimental and numerical investigation on mechanical behaviors of woven fabric composites under off-axial loading[END_REF]. The mesoscopic and microscopic RVEs were identified. In order to obtain the effective properties of the tow, numerical simulation was performed on the microscopic RVE, as shown in 
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III.2 Homogenization approach of transverse compressive behaviour of a block of fibres

In this section, the transverse compressive behaviour of one block of Kevlar KM2 fibres is analysed using homogenization approach. A new strategy based on the finite element homogenization method, proposed by Kanit et al. [START_REF] Kanit | Determination of the size of the representative volume element for random composites: statistical and numerical approach[END_REF], will be introduced in order to obtain the effective properties which can represent the elastic nonlinearity of the microstructure. Results will be validated by comparing with those of the microscopic approach in section II.4 of Chapter II.

III.2.1 RVE determination

In this calculation, a new strategy is introduced. The RVE is chosen not only at the initial stage (without loading) but also during the deformation process. The initial RVE is selected as the unit cell of the periodic microstructure, as illustrated in Figure III.11. All microscopic characteristics are considered but in optimal size. This one is selected based on the initial fibres packing in which one fibre is in contact with six surrounding ones.

The initial fibre volume fraction 0 f V is equal to 90.8 %. 

III.2.2 Boundary conditions

As discussed in Chapter II, since the cross-section dimension can be negligible compared to the length of the block, a 2D plane strain assumption is used. It should be noted that the RVE is determined as a unit cell due to the periodic microstructure. In this case, the homogenized properties are independent of the boundary conditions [START_REF] Ostoja-Starzewski | Microstructural Randomness Versus Representative Volume Element in Thermomechanics[END_REF][START_REF] Ostoja-Starzewski | Material spatial randomness: From statistical to representative volume element[END_REF].

Thus, Kinematic Uniform Boundary Conditions (KUBC) are employed.

In the case of a 2D plane strain problem, KUBC is described by imposing the displacement vector u at the point position vector x of the boundary s  :

III.22. . ux  (III.22)
Where  is a symmetrical second-order tensor independent of x III.23. 

III.2.3 Effective transverse macroscopic properties

In order to compute the effective transverse bulk modulus of the homogenized material, a strain tensor is imposed as follows: 

III.2.4 Results and discussion

As mentioned above, a set of RVEs is obtained. For each RVE, boundary conditions are applied. Evolutions of the effective transverse mechanical properties as functions of fibre volume fraction can be deduced from Table III.1. Additionally, the variation of the apparent macroscopic strain  with the fibre volume fraction f V is also obtained.

Analysing the microscopic behaviour of the block in Chapter II, the evolution of macroscopic strain  versus fibre volume fraction f V is presented in The macroscopic apparent strain can be described as follows:

III.32.   are also constants obtained from curve fitting with 2 0.99 R  . These parameters can be considered as constant properties of the homogenized effective material.

Equations III.32 and III.33 provide the necessary basis to form a relationship between stress and strain of a fibrous material subjected to transverse compression [START_REF] Bourgoyne | Transverse properties of bulk aramid fibres[END_REF][START_REF] Staniszewski | Modeling the Fibrillation of Kevlar® KM2 Single Fibers Subjected to Transverse Compression[END_REF]. The above effective transverse Young's modulus can be considered as the tangent GPa, the new strategy provides a sharp improvement. It is noted that the nonlinear behaviour of this structure is highlighted.

III.3 Homogenization approach of transverse compressive behaviour of a yarn

In this section, the transverse compressive behaviour of a Kevlar KM2 yarn is investigated using a homogenization approach. The schema of one homogenized yarn is displayed in Figure III.18. In this case, as a 2D plane strain problem is assumed, the homogenized yarn cross-section is considered sinusoidal due to the compression of two neighbouring sinusoidal ones. A new strategy of finite element homogenization in which the contact between fibres is considered, is introduced. Results will be validated by comparing with those of the microscopic approach in section II.5 of Chapter II. 

III.3.2 Effective properties

As the RVE is determined as a unit cell in the case of a periodic microstructure, and the homogenized properties are independent of the boundary conditions. Thus, only Kinematic Uniform Boundary Conditions (KUBC) are employed. The boundary conditions were described in section III.2.2.

Bulk modulus

To determine the effective bulk modulus, compressive strain tensor As mentioned in references [START_REF] Lin | Finite element modelling of fabric compression[END_REF][START_REF] Herakovich | Mechanics of composites: A historical review[END_REF][START_REF] Benhizia | Computation of effective behavior of isotropic transverse composite in nonlinear problems[END_REF], the effective transverse properties vary during the compression process as the volume fraction increases, and contact between fibres also occur. However, using the procedure above, only a constant bulk modulus is obtained. To solve this issue, the gap between the fibres of the RVE is gradually decreased. Then, a series of similar RVEs with different volume fractions is obtained.

KUBC is then applied in each RVE. Finally, the variation of bulk modulus versus volume fraction is observed. Nevertheless, during the compression process, the matrix of the RVE will be too deformed, and the calculation does not converge. To overcome this problem, contacts between fibres are added. The process is divided into two steps, as follows:

-First step: the gap between fibres is decreased until approximately 0, but no contact occurs. -Second step: The RVE in the final stage of the first step in which the gap between the fibres is approximately 0 is selected as the new RVE of the second step. The void mesh is removed (Figure III.21). Additionally, contacts between fibres are considered.

Unlike step 1, in this step, only one RVE is used. However, the tensor strain is applied by gradually increasing the value of strain from 0 to -0.2 in several increments. Each increment corresponds with a pair of volume fraction and effective bulk modulus. 

Effective shear modulus

In order to obtain effective shear modulus, the strain tensor It should be noted that in the most compact stage of the yarn, the volume fraction approaches 99.99%. Thus, in the case of no matrix, the effective properties are almost the same as the properties of the inclusion (fibres). Therefore, it can be assumed that the effective shear modulus linearly increases from 0 0.254

  GPa ( 82.4% f V  ) to 0.54 fibre   GPa ( 99.99% f V  ).
Once, the effective bulk and shear moduli are obtained, the effective transverse modulus is computed by using equations III.29, III. 

III.3.3 Numerical homogenization results

In this section, the homogenized model is conducted using the nonlinear elastic behaviour law deduced from equation II.12 (Chapter II) and equation III. It should be noticed that differences between the two curves are also observed after the effective apparent strain of approximately 20%. This can be explained by the fact that in this stage, the contact mechanism of the microscopic model is very complex due to the very large deformation of fibres at the right end.

III.4 Conclusion

In this chapter, a brief review of the homogenization method and its application in textile woven fabrics are presented. 

IV.1 Behaviour of one single crimped yarn

The main objective of this part is investigating the behaviour at the fibre scale of one single crimped Kevlar KM2 yarn which is considered to behave almost like a yarn inserted into a realistic fabric [START_REF] Ha-Minh | Numerical study on the effects of yarn mechanical transverse properties on the ballistic impact behaviour of textile fabric[END_REF]. In order to gain the computation time, two numerical sub-yarn level models in which 400 fibres are represented by 42 and 98 equivalent fibres respectively, are conducted. Each model will be evaluated by comparing and analysing yarn energies, deformation wave propagation and projectile velocity evolution.

IV.1.1 Schematic and initial conditions

In this section, a Kevlar KM2 yarn is investigated. The yarn comprised 400 fibres.

The properties of Kevlar KM2 fibres have been introduced in 0. The cross-section of the yarn is considered as an ellipse with the major and minor axes being 0.590 and 0.112 mm, respectively [START_REF] Nilakantan | Virtual microstructure generation using thermal growth: Case study of a plainweave Kevlar fabric[END_REF].

In order to gain computation time, the concept of Equivalent Fibre is introduced, as shown in Figure IV.1. A set of fibres is represented by an equivalent fibre such that its area equals the total area of the fibres. Thus, the diameter of the equivalent fibre can be calculated as follows:

IV.1. Here, tot S is the total area of 400 fibres, and n is the number of equivalent fibres representing for 400 fibres. As the steel projectile has a very high Young's modulus in comparison with the fibres, it is assumed to be rigid. The chosen initial impact velocity is 245 m/s. [START_REF] Chu | Étude du comportement mécanique d'un matériau tissé soumis à un impact balistique basée sur une approche multi-échelle[END_REF] shows the mesh of one equivalent fibre. The cross-section is discretised with nine brick elements. This mesh was proved to be sufficient for the inter-fibre contact interactions in reference [START_REF] Nilakantan | Filament-level modeling of Kevlar KM2 yarns for ballistic impact studies[END_REF]. In this chapter, one mesoscopic model is also conducted using shell elements. Details of this model are discussed in references [START_REF] Ha-Minh | Numerical analysis of a ballistic impact on textile fabric[END_REF]. It is assumed that fibres are in the elastic domain until failure [START_REF] Tabiei | Ballistic Impact of Dry Woven Fabric Composites: A Review[END_REF][START_REF] Ha-Minh | Analysis on failure mechanisms of an interlock woven fabric under ballistic impact[END_REF][START_REF] Ha-Minh | Numerical study on the effects of yarn mechanical transverse properties on the ballistic impact behaviour of textile fabric[END_REF][START_REF] Rao | Modeling the effects of yarn material properties and friction on the ballistic impact of a plain-weave fabric[END_REF][START_REF] Duan | Modeling friction effects on the ballistic impact behavior of a single-ply high-strength fabric[END_REF][START_REF] Cheng | Experimental investigation of the transverse mechanical properties of a single Kevlar® KM2 fiber[END_REF].

As discussed in reference [START_REF] Nilakantan | Filament-level modeling of Kevlar KM2 yarns for ballistic impact studies[END_REF], the transverse shear and crush strength are still not well known. Failure based on compressive strength insignificantly affects the tensile strength.

Additionally, transverse shear failure, crush strength and compressive failure are not expected to occur during the transverse impact process. Therefore, only axial tension is considered in the failure mode. In this study, the tensile strength of 3.88 GPa from reference [START_REF] Cheng | Mechanical Properties of Kevlar® KM2 Single Fiber[END_REF] is used.

The Hashin damage mode [START_REF] Hashin | Failure Criteria for Unidirectional Fiber Composites[END_REF] is chosen as the damage criterion of all models.

This damage mode can predict fibre tension, fibre compression, matrix tension and matrix compression. In the case of no matrix, matrix properties can be considered as the same as those of the fibre [START_REF] López-Gálvez | Suitability of numerical model from low to high velocity impacts against KM2 fabrics with isotropic hypothesis[END_REF]. As only axial tension is expected, in the numerical models, the longitudinal tensile strength, longitudinal compressive strength, transverse tensile strength, transverse compressive strength, the longitudinal shear strength and the transverse shear strength can be considered to be infinite. Thus, only one equation rules the fibre tension mechanism, as follows:

IV.2. 2 11 1 1 t F       (IV.2)
Here, 11

 is the tension stress in the longitudinal direction of the fibre, and 1 3.88 t

 

GPa is the longitudinal tensile strength. If 1 F equals 1, the failure criterion is reached, and the element is deleted.

IV.1.2 Results and discussion

Residual velocity and contact force

The evolution of projectile velocity versus time is displayed in In this section, the projectile velocity is analysed. Yarn's contact force and deformation during the de-crimping process are also investigated. The results show that globally, the behaviours of yarns in the three models are almost the same. However, the local failure mechanism is different. The 98-fibres model can predict the initial failure of the yarn just after the initial impact. In contrast, the mesoscopic and 42-fibres model cannot predict the initial failure due to the lack of fibre-fibre internal interactions.

Energy analysis

In this subsection, the energy of the yarn will be analysed. The total energy of the yarn is equal to the lost energy of the projectile absorbed by the fabric and converted into yarn deformation energy fd E , the yarn kinetic energy fk E and the energy lost in frictional sliding f E , as shown in the following equation [START_REF] Chu | A numerical investigation of the influence of yarn mechanical and physical properties on the ballistic impact behavior of a Kevlar KM2® woven fabric[END_REF]:

IV.3. 22 1 () 2 pk i r fd fk f E m v v E E E       (IV.3)
Where i v , r v are the initial velocity and the residual velocity of the projectile, respectively, and m denotes projectile mass. 

Transverse wave propagation

In this subsection, the propagation of the transverse wave and the evolution of the impact zone dimension will be investigated. The dimension of the impact zone is characterised by the width W and the height H of the V-shape region. Results are shown in Table IV.1.

It should be noted that the shell elements seem to be softer than the solid ones.

Thus, the yarn is easier to straighten. It also clearly shows that the transverse wave of the mesoscopic model propagates more rapidly than the others, and its V-shape region is wider than the others. That is why the mesoscopic yarn can absorb more energy, and its 

IV.1.3 Conclusion

In this part, the behaviour of one single crimped Kevlar KM2 yarn is investigated using mesoscopic and sub-yarn level models. In the case of the sub-yarn level models, 400 realistic fibres of yarn are represented by 42 and 98 equivalent fibres, respectively. It is noted that there is an insignificant difference between the three models in terms of yarn total energy and projectile velocity. Two phases are observed, including de-crimping and tension phases.

In the case of the mesoscopic model, as the yarn cross-section width is unchanged during the impact process, the mesoscopic yarn deformation energy is markedly higher in comparison with the others. It is also noted that the initial failure duration of the mesoscopic yarn is shorter. The mesoscopic yarn rapidly fails in a short period. The fibres of the 42-fibres model start to fail after the de-crimping process, then show the earliest complete failure. On the other hand, the first fibre failure of the 98-fibres model appears rapidly, just after the first contact with the projectile. Two sets of fibres can be observed. The first one consists of fibres which failed early, but they continue to resist the projectile until the end of the de-crimping process. The second is the rest of the fibres.

These fibres start to fail after the de-crimping process and mainly resist the projectile.

In conclusion, the three models can describe the general behaviour of a Kevlar KM2 yarn. However, due to the lack of interaction between fibres, the mesoscopic and 42fibres models cannot describe the local failure and fibre-fibre interaction. The 98-fibres model can describe these phenomena and thus can be used in the multi-scale model, with a combination of micro and mesoscopic scales, to capture the micro-interactions within the fabric in the next part. It is noted that the peak of the internal energy curve is at 25 μs after the total failure of the three primary centre yarns. The internal energy gradually decreases after 25 μs.

IV.2.2 Result and discussion

Evolution of projectile velocity

However, the kinetic energy gradually increases until 29 μs because material in the deformation pyramid keeps moving after the projectile. Thus, the residual total energy is observed from this moment. 

IV.3 Conclusion

In this chapter, the microscopic behaviour of Kevlar KM2 fibres subjected to ballistic impact is investigated in the case of one single crimped yarn and fabric. In order to gain computation time, the concept of an equivalent fibre is introduced. One equivalent fibre represents a set of fibres such that its cross-section area is equal to the total area of the cross-section of the fibres in the set.

The behaviour of one single crimped Kevlar KM2 yarn is investigated using mesoscopic and two sub-yarn level models. In the case of sub-yarn level models, 400 realistic fibres of yarn are represented by 42 and 98 equivalent fibres, respectively. The two models can predict the general behaviour of a Kevlar KM2 yarn. Globally, there is an insignificant difference between the two models in term of yarn total energy and projectile velocity. Two phases, including de-crimping and tension, are observed.

However, due to the lack of interaction between the fibres, the 42-fibres models cannot fully describe the local failure and fibre-fibre interaction. The 98-fibres model has the capacity to describe these phenomena and thus can be used in the multi-scale model with a combination of micro and mesoscopic scales in order to capture micro-interactions within the fabric.

In the case of one fabric, a micro-mesoscopic multi-scale model is conducted. In this model, the two primary yarns are modelled on the microscopic scale, while the others are modelled on a mesoscopic one. The evolution of the projectile velocity and the tensile force of each fibre are investigated. The results show two phases, including de-crimping and the tensile process of the fibres. The deformation pyramid and interactions of the two microscopic yarns under the impact zone are analysed. Results show that fibres are transversely compressed and also laterally spread during the impact. Fibre failure mechanisms are also investigated. It is noted that, in a micro-scale yarn, fibres fail locally during the impact before the moment of catastrophic failure. Energies of the fabric are analysed and compared with the mesoscopic model. In general, the curves are similar.

However, the values in the case of the multi-scale model are lower due to the microinteractions and fibre failure.

implemented in the ABAQUS software. The results obtained show a good agreement with those obtained from the microscopic law analysis.

The numerical finite element homogenization technique was applied in the case of a single crimped yarn subjected to ballistic impact, with an impact velocity of 245 m/s, considering the interactions between the fibres. In order to optimise the calculations, the notion of equivalent fibre was introduced to gain calculation time. An equivalent fibre represented a set of fibres so that its cross-section is equal to the total cross-section of the set. This analysis was carried out by considering two cases, in which 42 and 98 equivalent fibres represent 400 fibres of one yarn. The results showed two phases, including the process of de-crimping and tension of the fibres. The 98-fibre model can describe the local failure and fibre-fibre interactions, and thus be used in the multi-scale model with a combination of micro and mesoscopic scales to predict micro-interactions within the fabric.

A multi-scale micro-mesoscopic model of a fabric subjected to ballistic impact has also been developed. In this model, the two primary yarns were modelled on the microscopic scale, while the others were modelled on a mesoscopic one. The evolution of the projectile velocity and the tension force of each fibre were obtained. The deformation pyramid and the interactions of the two microscopic yarns in the area affected by the impact were analysed. The results showed that the fibres were compressed transversely and spread laterally during the impact. The mechanisms of fibre failure were also studied.

It should be noted that, in the case of a microscopic yarn, the fibres fail locally during the impact before the catastrophic failure of the yarn. The results were compared with those obtained by mesoscopic modelling to show the advantages of taking into account primary yarns at the fibre scale.

Perspectives

This thesis opens new sceneries in woven fabric modelling:

-The micro behaviour of fibres in a fabric subjected to ballistic impact can be thoroughly investigated by developing the micro-meso multi-scale model of the fabric. The number of microscopic yarns should be increased in the impact zone.

Hybrid element analysis can be applied in order to gain computation time.
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  La thèse de Cuong HA MINH, soutenue en 2011, porte sur le thème « Comportement mécanique des matériaux tissés soumis à un impact balistique : approches expérimentale, numérique et analytique », dans le cadre d'une collaboration Université de Lille/ENSAIT de Roubaix. -La thèse de Jan VAN ROEY, soutenue en 2011, porte sur le thème « Etude du comportement dynamique des matériaux granulaires et tissés : étude expérimentale et simulation numérique », dans le cadre d'une collaboration Université de Lille/Ecole Royale Militaire, Bruxelles, Belgique. -La thèse de Tuan-Long CHU, soutenue en 2016, porte sur le thème « Etude du comportement mécanique d'un matériau tissé soumis à un impact balistique basée sur une approche multi-échelle », Université de Lille -La thèse de Lionel GILSON, soutenue en 2017, porte sur le thème « Etude du comportement mécanique des multi-matériaux soumis à un impact balistique : approches expérimentale et numérique », dans le cadre d'une collaboration Université de Lille/Ecole Royale Militaire, Bruxelles, Belgique. Objectif de la thèse Cette thèse est consacrée à l'étude du comportement balistique d'un matériau tissé en utilisant une approche microscopique basée sur la technique d'homogénéisation numérique. En effet, lors d'un chargement balistique, le projectile agit localement sur la zone affectée du tissu engendrant ainsi une compression transversale des fibres. Ce phénomène a été modélisé, à l'échelle des fibres, en prenant en compte les effets des interactions fibre-fibre et l'évolution de la fraction volumique d'un fil au cours du chargement. Cette modélisation a conduit à établir une loi de comportement mécanique non-linéaire décrivant l'évolution des contraintes et des déformations apparentes dans un fil soumis à une compression transversale. La technique d'homogénéisation numérique, basée sur un Volume Élémentaire Représentatif (VER) périodique, a été utilisée en vue d'une modélisation prenant en compte le vide entre les fibres. Cette démarche a conduit à établir une loi puissance entre la déformation apparente et la fraction volumique pour un fil sollicité en compression transversale. La technique d'homogénéisation numérique a également été utilisée pour analyser le comportement microscopique des fibres soumises à un impact balistique selon une approche multi-échelle. La notion de fibre équivelante représentant un ensemble de fibres a été introduite afin de gagner du temps de calcul. Cette analyse a conduit à une meilleure compréhension des phénomènes physiques se produisant lors d'un impact balistique d'un fil à l'échelle des fibres. Ensuite, cette modélisation a été appliquée au cas d'un tissu soumis à un impact balistique à une échelle mésoscopique (échelle d'un fil) combinée à une échelle microscopique (échelle d'une fibre) dans la zone affectée par l'impact. Cette modélisation a été validée par confrontation avec des données expérimentales, en termes de l'évolution la vitesse du projectile. Les évolutions de l'énergie, de la force d'impact, des interactions fibres-fibres et de la rupture locale des fibres ont été aussi analysées.
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  Figure I.1 presents an example of soft body armour and a ballistic test. In this test, a hemispherical head projectile strikes a Kevlar fabric resulting in fibre failure and the formation of a deformation pyramid.

Figure I. 1

 1 Figure I.1 (a) Soft body armour [3, 4], (b) a ballistic test [5].

Figure I. 2

 2 Figure I.2 Projectile impact onto one yarn: (a) an experiment [13] , (b) schematic of deformation waves [7].

3 )Figure I. 3

 33 Figure I.3 presents an experiment of one Kevlar KM2 yarn subjected to transverse impact in the work of Hudspeth et al.[START_REF] Hudspeth | Effect of projectile nose geometry on the critical velocity and failure of yarn subjected to transverse impact[END_REF]. In this work, a razor blade impactor struck the yarn with an initial velocity of 145 m/s. The yarn length was 850 cm. Two sides of the yarn were fixed via aluminium clamps. The propagation of deformation waves was captured from the resulting high-speed image sequence. Indeed, during the impact process, the yarn is tensile by the longitudinal wave. Moreover, from the impact point, a V-shape zone is induced due to the transverse wave.

Figure I. 3 Figure I. 4 Figure I. 5

 345 Figure I.3 An experiment of a razor blade impacts into Kevlar KM2 yarn [15].

Figure I. 8

 8 Figure I.8 shows the effect of yarn stiffness and strength combination in the work of Rao et al.[START_REF] Rao | Modeling the effects of yarn material properties and friction on the ballistic impact of a plain-weave fabric[END_REF]. The authors conducted a numerical model of a rigid sphere impacting

Figure I. 9

 9 Figure I.9 Time development of the projectile velocity for the two different friction conditions [22].

Figure I. 10

 10 Figure I.10 presents the effects of friction in the case of 3D interlock fabric [41]. In this work, Ha Minh et al. [41] introduced a new tool in order to represent the geometry of fabrics and investigate the friction effect. Results indicated that the fabric performance increased with the effect of friction. The yarn-yarn friction maintained the structural packing, while the yarn-projectile maintained the number of yarns loading the projectile by preventing yarns slipping out of the surface.

Figure I. 10

 10 Figure I.10 Evolution versus time of: (a) Projectile velocity; (b) Force applied on the projectile [41].

Figure I. 11

 11 Figure I.11 The trends of failure time of fabrics with the increase of the inter-yarn friction [42].

  Figure I.12. Different mechanisms of yarn rupture, fibrillation, failure by friction, and bowing were found in each case..

Figure I. 12

 12 Figure I.12 Shape of projectiles used [44].

Figure I. 13

 13 Figure I.13 shows the amount of energy absorbed by different kinds of projectile nose shapes. The least amount of yarn pull-out was observed in the case of ogival and conical bullets due to their better ability to wedge through the fabric. Therefore, lower projectile energy was absorbed by the fabric. However, in the case of hemispherical and plat shape bullets, more filaments were damaged. It is noted that hemispherical projectiles perforate the fabric mainly by longitudinal failure, while flat projectiles are

Figure I. 13

 13 Figure I.13 Energy absorbed by fabric against impact velocity of projectiles [46].

Figure I. 15

 15 Figure I.15 presents three main modelling scales of a fabric:

Figure I. 15

 15 Figure I.15 Multi-scale problem of a fabric [49].

  macroscopic model, especially, can provide the main damage failure zones: the motion of primary yarns, localised damage zone around the impact zone, or narrowing of the fabric due to projectile penetration (Figure I.18). However, the interactions between yarns, such as yarn pull-out or yarn sliding, cannot be observed due to the homogeneity[START_REF] Ha-Minh | Numerical analysis of a ballistic impact on textile fabric[END_REF].

Figure I. 18

 18 Figure I.18 Damage phase and deformed configuration of a fabric subjected to a 245m/s ballistic impact [59].

Figure I. 19

 19 Figure I.19 presents the mesoscopic model of Duan et al.[START_REF] Duan | A numerical investigation of the influence of friction on energy absorption by a high-strength fabric subjected to ballistic impact[END_REF][START_REF] Duan | Modeling friction effects on the ballistic impact behavior of a single-ply high-strength fabric[END_REF][START_REF] Duan | Modeling the role of friction during ballistic impact of a high-strength plain-weave fabric[END_REF][START_REF] Duan | Finite element modeling of transverse impact on a ballistic fabric[END_REF] using solid elements. Details of the finite element mesh are discussed in reference[START_REF] Duan | Modeling friction effects on the ballistic impact behavior of a single-ply high-strength fabric[END_REF]. The yarn cross-section was discretised into twelve elements. Along with a yarn crimp, ten elements were used to describe this parameter. Yarns were assumed as transversely orthotropic with a Poisson's ratio of zero. The authors investigated the effects of yarn-yarn, and fabric-projectile friction, as well as the effects of boundary conditions (three cases of fixation of fabric edges: four edges free, four edges clamped, and two edges clamped) on the ballistic behaviour. Results showed that the higher the friction, the lower the residual projectile velocity. The friction also contributed to the amount of impact energy absorbed(Figure I.20). This amount increased in the presence of higher friction. It also showed that the fabric with four edges clamped slowed down the projectile the quickest.

Figure I. 19

 19 Figure I.19 Mesoscopic model of a fabric using solid element [38].

Figure I. 20

 20 Figure I.20 The loss of projectile kinetic energy as a function of time for the three different boundary conditions [38].

Figure I. 21

 21 Figure I.21 (a) Circular cross-section of a free yarn; (b) cross-section of an interwoven yarn; (c) cross-sections of an in-woven yarn approximated by rectangular cross-sections of four shell elements.

Figure I. 22

 22 Figure I.22Mesoscopic model of a fabric using 3D shell element[START_REF] Ha-Minh | Numerical study on the effects of yarn mechanical transverse properties on the ballistic impact behaviour of textile fabric[END_REF] 

Figure I. 24

 24 Figure I.[START_REF] Gu | Analytical modeling for the ballistic perforation of planar plain-woven fabric target by projectile[END_REF] shows that the higher the impact velocity is, the closer the behaviour of the macroscopic model is to the behaviour of the mesoscopic one. The reason is that in the case of ballistic impact velocity, the primary yarns mainly stop the projectile;

  Young's modulus may lead to the premature failure of primary yarns and perforation of the fabric(Figure I.25). The authors also analysed local and global localisation of the failure phenomenon of 3D interlock fabrics in reference[START_REF] Chu | Analysis of local and global localizations on the failure phenomenon of 3D interlock woven fabrics under ballistic impact[END_REF]. The results showed that impact localisation significantly affects the ballistic performance. The fabric centre impact is more significant than the case of the fabric quarter-centre impact (Figure I.26).

Figure I. 25

 25 Figure I.25 Time histories of projectile velocity and fabric energies with different longitudinal Young's moduli E 11 in the perforation impact case: (a) Projectile velocity, (b) Kinetic energy, (c) Deformation energy [23].

Figure I. 26

 26 Figure I.26 Comparison of two global locations impact[START_REF] Chu | Analysis of local and global localizations on the failure phenomenon of 3D interlock woven fabrics under ballistic impact[END_REF][START_REF] Chu | Study of the mechanical behavior of a woven material subjected to a ballistic impact based on a multi-scale approach[END_REF] 

Figure I. 27

 27 Figure I.27 illustrates the configuration of a multi-scale model. The model is comprised of (i) a local and (ii) a global region [61, 68]:

Figure I. 27

 27 Figure I.27The conceptualisation of the global/local model[START_REF] Rao | Global/Local Modeling of Ballistic Impact onto Woven Fabrics[END_REF] 

Figure I. 28

 28 Figure I.28 presents a multi-scale model conducted by Ha Minh et al. [58]. The authors used shell elements in order to minimise the computation time by varying the ratio of macroscopic and mesoscopic areas: 75.3-24.7%, 65.5-34.5%, and 56.3-43.7%.

Figure I. 28

 28 Figure I.28 Macro-meso multi-scale model: (a) A fabric after impacted (b) global view of the model[START_REF] Ha-Minh | Numerical multi-scale modeling for textile woven fabric against ballistic impact[END_REF] 

Figure I. 29 Figure I. 30

 2930 Figure I.29 (a) Force applied on the projectile versus the time in the impact velocity case 60 m/s; (b) normalised force curves [58].

  Method". Each fibre was presented by a frictionless pin-connected rod element chain(Figure I.31). Wang et al.[START_REF] Wang | Digital element approach for simulating impact and penetration of textiles[END_REF] studied the ballistic impact and penetration of a textile fabric following this method. A yarn was modelled as an assembly of 1-19 digital fibres.This method is able to predict micro-scale phenomena such as fibre failure, fibre-fibre friction, fibre-to-projectile compression, and fibre-to-fibre compression (Figure I.32).However, contact width and longitudinal shear deformation cannot be modelled because rod elements cannot justify the effect of Poisson's ration.

Figure I. 31

 31 Figure I.31 Digital element fibres [71].

Figure I. 32

 32 Figure I.32 Nodal force calculations [72].

Figure I. 33

 33 Figure I.[START_REF] Rao | Modeling the effects of yarn material properties and friction on the ballistic impact of a plain-weave fabric[END_REF] The variation of residual velocity with the initial velocity of the projectile in the three cases of transverse-response conditions[START_REF] Grujicic | Fiber-Level Modeling of Dynamic Strength of Kevlar® KM2 Ballistic Fabric[END_REF].

Figure I. 34

 34 Figure I.34 (a) A geometrical model for the projectile/fabric interaction problem analysed in the present work and (b) a close-up of the fabric region showing sub-yarn microstructure and the yarn-weave pattern [73].

Figure I. 35

 35 Figure I.35 Setup of the yarn transverse impact test [74].

Figure I. 36

 36 Figure I.36 Propagation of the spreading wave in the unconstrained case with V i = 100 m/s [74].

Figure I. 37

 37 Figure I.37 Quarter symmetric three-dimension fibre-level yarn model [75].

Figure I. 38

 38 Figure I.38 presents the sub-yarn level model of one single Kevlar KM2 yarn in the work of Chu [4]. In this work, the author proposed the notion of an equivalent fibre with a diameter of 36 µm, representing about ten fibres. Thus, the number of equivalent fibres in a yarn is 42 instead of 400 real fibres (Figure I.38b). The cross-section of the equivalent fibre was modelled by shell elements (Figure I.38c)).

Figure I. 38

 38 Figure I.38 Model of one fibre (a) mesoscopic model, (b) microscopic model, (c) crosssection of one equivalent fibre [4].

Figure I. 39

 39 Figure I.39 (a) a quarter of model, (b) Comparison of fabric failure [4].

Figure I. 41

 41 Figure I.41 Fibres deformation and distribution in the impact zone versus time [4].

Figure I. 42

 42 Figure I.42 Deformation of yarn [76].

  EG and  represent the Young's modulus, shear modulus, and Poisson's ratios, respectively, and n represents the degree of anisotropy. The longitudinal axis of the fibre is denoted as 1, while 2-3 represent the transverse plane (Figure I.43).

Figure I. 43 I. 4 . 1

 4341 Figure I.43 The direction of the fibre.

Figure I. 44

 44 Figure I.44 Schematic of a single fibre compression [77].
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 1342 denotes the load per unit length along the fibre longitudinal direction, are Young's modulus in the transverse plane and the longitudinal direction. b is the contact width, r denotes the radius of the fibre. Experimental worksKawabata [80] proposed the first experimental protocol to study the transverse compressive behaviour of Kevlar 29, 49, 119 and 149 single fibre. The result clearly showed a yielding in the transverse compression allowing the author to determine the transverse modulus of the fibre. Afterwards, Singletary et al.[START_REF] Singletary | The transverse compression of PPTA fibers Part I Single fiber transverse compression testing[END_REF][START_REF] Singletary | The transverse compression of PPTA fibers Part II Fiber transverse structure[END_REF] Cheng et al.[START_REF] Cheng | Experimental investigation of the transverse mechanical properties of a single Kevlar® KM2 fiber[END_REF][START_REF] Cheng | Mechanical Properties of Kevlar® KM2 Single Fiber[END_REF] and Sockalingam et al.[START_REF] Sockalingam | Transverse compression behavior of Kevlar KM2 single fiber[END_REF] conducted some transverse compression experiments for the case of one single Kevlar fibre.

Figure I. 45

 45 Figure I.45 presents loading condition of single fibre compression test of Singletary et al. [81, 82]. A single Kevlar 29 fibre was laid on a flat, stiff platen and compressed by another parallel platen. The platen was designed to ensure the smooth contact between fibre and platens. Results showed a nonlinear load-deformation response (Figure I.46).

Figure I. 45

 45 Figure I.45 Loading condition of single fibre compression test [81].

Figure I. 46

 46 Figure I.46 Experimental and extracted fibre force -deflection curves [81].

Figure I. 47

 47 Figure I.47 Cyclic transverse loading of a Kevlar KM2 fibre at a nominal strain rate of 0.075/s [77].

Figure I. 48

 48 Figure I.48 presents the experiment conducted by Bourgoyne and Brown [85] in order to investigate the transverse properties of a block of Kevlar 49 fibres. A block of fibres removed from a suitably sized parallel-lay rope was placed inside a chamber, as shown in Figure I.48a. The plunger was pushed by an applied force to measure the corresponding displacement. Then a load-displacement curve was obtained (Figure I.48b). The results clearly showed that as the load increased, the fibre block's stiffness changed. Significant differences between the unloading/reloading responses in each loading cycle were also observed.

Figure I. 48

 48 Figure I.48 (a) Compression test rig and fibre layout (b) Typical load-deflection response [4, 85].

  Figure I.49 shows the nominal stress -nominal strain curve in comparison with the experimental data. It is noted that after the nominal strain of about 15%, the numerical model cannot accurately predict the transverse compressive behaviour of the fibre.

Figure I. 49

 49 Figure I.49 Comparison between model prediction and experimental data [77].

Figure I. 50

 50 Figure I.50 Fibre scale yarn half symmetric FE model and fibre packing [86].

Figure I. 51

 51 Figure I.51 shows the results of the model. Force -displacement and apparent stress -apparent strain curves were obtained. It clearly shows a high nonlinearity behaviour.

Figure I. 51

 51 Figure I.51 Yarn transverse compression response predicted (a) force displacement curve (b) apparent stress-apparent strain [86].

33 

 33 and 33  are stress and strain in the longitudinal direction, 0 f V denotes the initial fibre volume fraction, and a and b are experimentally determined parameters.

Figure I. 52

 52 Figure I.52 Simulation setup for plain weave unit cell compression [87].

Figure I. 53

 53 Figure I.53 Comparison between FE analysis and experimental data in the case of plain weave fabric [87].

Figure I. 54

 54 Figure I.54 presents a homogenised yarn proposed by Sockalingam [86]. An elliptical cross-section was assumed. The material properties were taken from the works of Rao et al. [61] (case A), and Cheng et al. [83] (case D). The authors also proposed two sets of properties (case B and C). However, the authors did not explain how these properties were obtained. Additionally, the properties were not nonlinear; therefore, the model cannot accurately capture the transverse loading response of the yarn (Figure I.55).

Figure I. 54

 54 Figure I.54 (a) homogenised yarn model (b) overlay of homogenised yarn and 400-fibre models [86].

Figure I. 55

 55 Figure I.55 (a) homogenised yarn model in comparison with the microscopic scale model (b) parametric study[START_REF] Sockalingam | On the transverse compression response of Kevlar KM2 using fiber-level finite element model[END_REF] 

  velocity and complex structure of the fabric. It is well known that a fabric consists of many yarns comprising of hundreds of fibres, as shown in Figure II.1. This complex multi-scale structure poses a big challenge in predicting the ballistic behaviour of the material at the fibre scale.

Figure II. 1

 1 Figure II.1 Multi-scale structure of a fabric [74].

Figure II. 2

 2 Figure II.2 Example of fabric under ballistic impact, (a) response of fabric [74], (b) compression zone [4], (c) schematic of compression of one yarn [4].

Figure II. 3 II. 2

 32 Figure II.3 Schematic of transverse compression of (a) one fibre, (b) two fibres, (c) one block of fibres and (d) one yarn.

Figure II. 4

 4 Figure II.4 Schematic of transverse compression of one single fibre.

  FE code Radioss. Due to the symmetric configuration, a quarter model of the single fibre was conducted with associated boundary conditions, as shown in Figure II.6.

Figure II. 6

 6 Figure II.6 Boundary conditions.

  The discretisation varies from 84 to 240 finite elements (Figure II.7).

Figure II. 7

 7 Figure II.7 FE models for mesh convergence study.

Figure II. 9

 9 Figure II.9 shows the evolution of the true stress diagram in the Z direction at three different nominal strains. It clearly shows that the maximum compressive stresses are observed at the point of contact between the fibre and the platen. Lower compressive stresses are observed in the centre zone. The compressive stresses are negligible away from the central zone, and the tensile stress in the Z direction is insignificant.

Figure II. 9

 9 Figure II.9 True stress (GPa) in Z direction of Kevlar KM2 fiber at nominal strain of (a) 0.1, (b) 0.2, (c) 0.25. True stress in the Y direction is presented in Figure II.10. It is noted that at the contact zone, the fibre is compressed. In contrast, it is under tension at the centre. Thus, maximum tensile stresses are observed in this zone.

Figure II. 10

 10 Figure II.10 True stress (GPa) in Y direction of Kevlar KM2 fibre at nominal strain of (a) 0.1, (b) 0.2, (c) 0.25.

Figure II. 11

 11 Figure II.11 shows the internal and kinetic energies of the 128-elements model. It clearly shows that kinetic energy is approximately 0 and negligible in comparison with the internal energy. Therefore, the velocity of 0.01 m/s ensures the quasi-static behaviour of the material, as mentioned above.

Figure II. 11

 11 Figure II.11 Energy of the 128-elements model.

Figure II. 12

 12 Figure II.12 Nominal stress versus strain: comparison between Kevlar® KM2 and Kevlar® 49.

Figure II. 13

 13 Figure II.13 Compression of two fibres (a) Schematic (b) Meshing.

FdFigure II. 14

 14 Figure II.14 True Stress (GPa) in Z direction at nominal strain of (a) 0.1, (b) 0.2, (c) 0.25.

Figure II. 16

 16 Figure II.16 presents the nominal stress-strain curves of two fibres. Because of the interactions between two fibres, the nominal stress-strain curve of one fibre, in this case, is a little higher than in the case of one single fibre (Figure II.16a). This can be explained by the fact that due to the fibre-fibre interactions, a higher compressive force is necessary to push one fibre. Meanwhile, similar to the case of one single fibre, the curve of Kevlar® 49 is also double the curve of Kevlar® KM2, as shown in (Figure II.16b).Therefore, the fibre's deformation and contact used in this model are validated.

Figure II. 15 Figure II. 16

 1516 Figure II.15 True stress (GPa) in the Y direction at a nominal strain of (a) 0.1, (b) 0.2, (c) 0.25.

Figure II. 17

 17 Figure II.17 Schematic description of transverse compressive model of one block of fibres.

Figure II. 18

 18 Figure II.18 shows the initial and boundary conditions of the numerical model. The compressor is assumed as a rigid body. A constant velocity of 0.1 m/s is imposed on this

Figure II. 18

 18 Figure II.18 (a) Boundary conditions, (b) Fibers arrangement.

Figure II. 19

 19 Figure II.19 Apparent stress-strain curves.

Figure

  Figure II.20 presents the sensitivity of friction. Three friction coefficient values, µ = 0.2, 0.3 and 0.4, are studied. It clearly shows that the effect of friction between the fibres is insignificant.

Figure II. 20

 20 Figure II.20 Sensitivity to friction.

Figure II. 21

 21 Figure II.21 presents the true stress in the Z direction distribution state of a 70 x 203μm block of fibres in compression, at the apparent strain of 11.4. It can be seen from the figure that stress is concentrated at the boundaries, while in the centre of the block, the distribution of stress is regular. The highest compressive stresses of the fibres occur in the contact zone with the rigid compressor. In contrast, the highest tensile stresses occur

Figure II. 21

 21 Figure II.21 (a) True stress in the Z direction (GPa) at apparent strain 15.3.

Figure II. 22

 22 Figure II.22True stress in the Y direction (GPa) at apparent strain 15.3%.

Figure II. 23

 23 Figure II.23 Contact of two fibres at apparent strain 0%, 9.5% and 15.5%.

Figure

  Figure II.24 presents the energies of the 35 x 96 m model. The results clearly show that kinetic energy is approximately 0 and can be considered as negligible, confirming that the behaviour of the material is quasi-static. The compressive energy is almost transformed into deformation (internal) energy.

Figure II. 24

 24 Figure II.24 Energy of the 35x96 m model.

Figure

  Figure II.25 (a) Yarn path, (b) Yarn ellipse cross-section.

Figure II. 26 Figure II. 27

 2627 Figure II.26 Greige Kevlar S706 fabric microstructure (a) warp yarn cross-sections, (b) close-up of yarn cross-section showing filament shapes and packing pattern [74].

Figure II. 28

 28 Figure II.28 Boundary condition and geometry of the half numerical model.

  Figure II.29. This curve clearly shows that the behaviour of the fibres can be divided into two zones: (i) rearrangement, and (ii) nonlinear elastic.

Figure II. 29

 29 Figure II.29 Typical compression force -displacement curve.

Figure II. 32

 32 Figure II.32 Evolution of true strain of the fibres in the YY direction.

Figure II. 33

 33 Figure II.33 presents the evolution of true strain in the XX direction. It should be noted that maximum and minimum strains are also observed on the side of the yarn. Also, fibres in contact with the compressors are more tensile than the others.

Figure II. 33

 33 Figure II.33 Evolution of true strain in the XX direction.

Figure II. 34

 34 Figure II.34 Contact between fibres in a group.



  is the displacement of 9.45 m at point A and R  is introduced as the effective displacement. This displacement is counted from the first point of zone 2. The transit zone of zone 2 is also illustrated in this curve. Point B corresponds with the fibre volume fraction of 90.7%.

Figure II. 35

 35 Figure II.35 Evolution of apparent stress.

Figure II. 36

 36 Figure II.36 presents the fibre volume fraction versus effective apparent strain. It should be noted that the fibre volume fraction

Figure II. 36

 36 Figure II.36 Fibre volume fraction versus effective apparent strain.

Figure II. 37

 37 Figure II.37 Effective apparent stain -normalized volume fraction

Figure II. 38

 38 Figure II.38 Model energies.

III. 1 .

 1 The properties of EHM are called effective properties or macro-properties[START_REF] Kurukuri | A review of homogenization techniques for heterogeneous materials[END_REF]. In general, there are many homogenization methods, such as the rule of mixture, inverse rule of mixture, dilute solution, Mori -Tanaka model, finite element, asymptotic homogenization, fast Fourier transform, and mean-field homogenization. These methods are classified into two main families, analytical and numerical techniques.

Figure III. 1

 1 Figure III.1 The concept of homogenization.

  ) Representation step: the geometry and mechanical properties of the material (i.e., volume fraction, the length scale of inclusions) are investigated. The representative volume element (RVE) is determined by analysing the microstructure of the material. -(ii) Localisation step: finite element model is conducted. The RVE is discretised, and appropriate boundary conditions are imposed. In this step, the average fields, such as average stress, strain or energy, are obtained by surface or volume integrals over the RVE. -(iii) Homogenisation step: this step aims to define the behaviour of the EMH by identifying the macroscopic behaviour through average fields obtained from the localisation step. In other words, the effective properties of the EHM are deduced from the average fields.

Figure III. 2

 2 Figure III.2 demonstrates a unit cell of a plain-woven fabric. This periodic macro

Figure III. 2

 2 Figure III.2 Schematics of a unit cell of plain woven fabrics [104].

  periodic fluctuation v into the displacement field of KUBC as follows:The fluctuation values at two homologous points on the two opposite faces are the same (Figure III.3). Thus, the traction vector at these points takes opposite values.

Figure III. 3

 3 Figure III.3The fluctuation of nodes[START_REF] Sádaba | Special-purpose elements to impose Periodic Boundary Conditions for multiscale computational homogenization of composite materials with the explicit Finite Element Method[END_REF].

Figure III. 4

 4 Figure III.4 Schematic of multi-scale numerical homogenization techniques.

  Figure III.5 presents the RVE in the square and the hexagonal array, which are commonly used in woven textile composites. Then, appropriate boundary conditions need to be applied to the RVE. Finally, the average stress and strain obtained from boundary displacements are utilised to compute the equivalent properties constants.

Figure III. 5 Figure III. 6

 56 Figure III.5 RVEs in the case of square and hexagonal array configuration [108].

Figure III. 7

 7 Figure III.7 presents the entire procedure proposed by Xiongqi Peng et al.[START_REF] Peng | A dual homogenization and finite element approach for material characterization of textile composites[END_REF] in order to predict the effective nonlinear elastic moduli of a plain weave composite using the finite element and the homogenization method.

Figure III. 7 Figure III. 8

 78 Figure III.7 Multi-scale material characterization approach [110].

  Figure III.9. Stress-Chapter III Homogenization of transverse compressive behaviour of fibres -102-strain curves were obtained, and the initial linear portion of the curves was used to determine the particular elastic constants. The predicted yield stress obtained from the stress and strain curves was considered as the corresponding strength value.

Figure III. 9

 9 Figure III.9 Failure modes of the tow under different uniaxial loads [111] .

Figure III. 10

 10 Figure III.10 Fibre and matrix failure distribution of various fibre angle models [112].

Figure III. 11

 11 Figure III.11 Initial RVE.

Figure III. 11

 11 Figure III.11 also illustrates the mesh of the initial RVE. In order to decrease the number of elements, 2D rectangular elements were used to discretise the central fibre, while the others are discretised by triangular elements due to their complex geometry.

Figure III. 12

 12 Figure III.12 RVEs correspond with different fibre volume fraction.

  Chapter III Homogenization of transverse compressive behaviour of fibres

Figure III. 13

 13 Figure III.13 Stress and strain of RVEs corresponding with (a) V f = 90.7 %, (b) V f = 95.6%, (c) V f = 99.0%.

  Figure III.14. It clearly shows that as the fibres are compressed, the voids between them decrease, resulting in the increase of the fibre volume fraction. In the initial stage, the strain increases dramatically. However, it shows a slight increase until the fibre volume fraction reaches 95%, then rises sharply.

Figure III. 14

 14 Figure III.14 Evolution of macroscopic strain versus fibre volume fraction.

Figure III. 15

 15 Figure III.15 shows that the effective transverse modulus E has a mostly linear increase with the fibre volume fraction f V . Thus, it can be concluded that the effective transverse mechanical properties are governed by the variation of the fibre volume fraction.

Figure III. 15

 15 Figure III.15 Effective Young's modulus E versus fibre volume fraction f V .

  Chapter III Homogenization of transverse compressive behaviour of fibres -113-Young's modulus. Then, the stress-strain curve is obtained and compared with the numerical microscopic model, as shown in Figure III.17.

Figure III. 17

 17 Figure III.17 Comparison of homogenized material and numerical microscopic model.

Figure III. 17

 17 Figure III.17 clearly shows a good agreement between the two models. Meanwhile, in comparison with the homogenized material obtained from the early homogenization theory in which the effective transverse Young's modulus equals the initial effective transverse Young's modulus

Figure III. 18

 18 Figure III.18 Schema of one homogenized yarn.

Figure III. 19

 19 Figure III.19 The initial RVE.

  that the deformation of the RVE is not too large, and no damage occurs. Then bulk modulus is calculated as follows:

Figure III. 20 Figure III. 20

 2020 Figure III.20 presents the stress and strain of the RVE corresponding with the initial fibre volume fraction of 82.4%

Figure III. 21

 21 Figure III.21 RVE without void mesh.

Figure III. 23

 23 Figure III.23 Effective bulk modulus versus volume fraction.

  effective shear modulus is computed as follows: III.39.

  of the RVE are shown in Figure III.24. The initial effective shear modulus 0 0.254   GPa is obtained.

Figure III. 24

 24 Figure III.24 Stress and strain of RVE.

Figure III. 25

 25 Figure III.25 The most deformed shape of RVE in shear loading.

Figure III. 26

 26 Figure III.26 Effective transverse modulus versus normalized volume fraction.

  40. This law is implemented into ABAQUS/Standard through a user-subroutine. A half 2D plane strain homogenized model is utilised with boundary conditions shown in Figure III.27.

Figure III. 27

 27 Figure III.27 Homogenized model.

Figure III. 28 Figure III. 29

 2829 Figure III.28 True strain in YY direction at effective displacement 21 R

Figure IV. 1

 1 Figure IV.1 The concept of equivalent fibre.

Figure IV. 2

 2 Figure IV.2 Yarn cross section (a) 42 equivalent fibres (b) 98 equivalent fibres (c) realistic yarn.

Figure IV. 3

 3 Figure IV.3 Schematic and boundary conditions (a) horizontal view, (b) vertical view of a quart of model.

Figure IV. 4

 4 Figure IV.4 Mesh of one equivalent fibre.

Figure IV. 5 .

 5 There is an insignificant difference between the residual velocities of the three models. The residual velocity of the mesoscopic model is 244.05 m/s, while the 42 fibres-model has the highest residual velocity of 244.26 m/s. Two phases are observed: de-crimping and tension.

Figure IV. 5

 5 Figure IV.5 Projectile velocity.

Figure IV. 6

 6 Figure IV.6 illustrates the evolution of the impact force during the de-crimping phrase. The initial contact is the same (form 0 to 1 μs). Here, peak values observed indicate the first contacts of the projectile with the fibres.

Figure IV. 6

 6 Figure IV.6 Impact force during the de-crimping process.

Figure IV. 7 Figure IV. 7 Figure IV. 8

 778 Figure IV.7 shows the deformation of fibres just after the initial contact with the projectile (0.9 μs). After the peaks, the force decreases rapidly to about 0. This result is consistent with the results of Sockalingam in reference[START_REF] Sockalingam | Modeling the fiber length-scale response of Kevlar KM2 yarn during transverse impact[END_REF]. The reason is that after the first contact, the projectile velocity decreases dramatically while the velocity of the upper part of the fibres is the same as the initial velocity of the projectile. The fibres are not in contact with the edge of the projectile. This corresponds with the sharp decrease of projectile velocity at 0.9 μs, as shown in Figure IV.5.

Figure IV. 9 Figure IV. 9

 99 Figure IV.9 shows the first failure of the 42-fibres model at 11.4 μs, just after the de-crimping process. It can be seen that in the case of 98-fibres model, 18 fibres which failed at 2 μs are still in contact with the lower part of the projectile and resist the projectile until the end of the de-crimping process. This is important regarding the differences between the two sub-yarn level models. It clearly shows that the three layers of fibres of the 42-fibres model are insufficient to describe the yarn's local damage, while with five layers of fibres, the 98-fibres model is able to simulate this phenomenon.

Figure IV. 10

 10 Figure IV.10 presents the evolution of the energies of each model versus time. It clearly shows that in all models, the yarn total energy is dominated by kinetic energy. In particular, the contact energy is insignificant in the case of the mesoscopic model, while in the case of the sub-yarn level ones, the contact energy is notable due to fibre-fibre interactions. Residual total energies appear at the same moment as the residual velocities.

Figure IV. 11

 11 Figure IV.11 Yarn total energy.

Figure IV. 12

 12 Figure IV.12 Kinetic energy.

Figure IV. 13

 13 Figure IV.13 shows the evolution of internal energy. The transverse wave reflection and catastrophic failure of each model are observed. The internal energy increases gradually until the transverse wave displacement travels to the boundary. This instant is observed at 6 μs in the mesoscopic model, and at around 7.5 μs for the 42-fibres and 98fibres models. Then, internal energy increases rapidly to the peak value corresponding with catastrophic failure. Catastrophic failure of the 42-fibres model appears first at 13.2

Figure IV. 13

 13 Figure IV.13 Yarn internal energy histories.

Figure IV. 14 Figure IV. 14

 1414 Figure IV.14 presents the deformation at 19.8 μs at which catastrophic failures of the mesoscopic and 98-fibres models are observed. At this moment, the initial failure of the mesoscopic yarn occurs later. While the 36 equivalent fibres of the 42-fibres model have failed, this number is 56 in the case of the 98-fibres model. After the peak value, there is a sharp decrease in internal energy followed by the complete failure of the fibres.

Figure IV. 15

 15 Figure IV.15 presents the contact energy. It can be seen that the contact energy of the mesoscopic model is insignificant in comparison with the other two as there is no internal contact within the mesoscopic yarn. On the other hand, the contact energy of the 98-fibres model is higher than the 42-fibres model because the 98-fibres model has a higher number of equivalent fibres leading to higher internal contact. At the instance of catastrophic failure, a sharp increase is observed.

Figure IV. 15

 15 Figure IV.15 Contact energy.

ChapterFigureFigure IV. 16

 16 Figure IV.16 presents the tensile force and nominal stress in the longitudinal direction of the equivalent fibre in the centre of the yarn. The nominal stress is equal to the tensile force divided by the cross-sectional area. Forces and stresses are observed in the position of the fixed edge of the yarn (Figure IV.16a). This clearly shows that for both models, the tensile forces start to be positive at around 4 μs. It means that the longitudinal strain waves first reach the encastre at this moment. It can also be seen that in the case of 42-fibres model, the centre-fibre fails at the encastre after the end of the decrimping process (around 11.1 μs), as the tension force is equal to 0. In the case of 98fibres, the sharp decrease at 21.3 μs indicates fibre failure. Because the failure does not occur at the encastre, the tensile force does not equal 0 until the end of the impact.

Figure IV. 17 Figure IV. 17

 1717 Figure IV.17 displays the nominal stress of each equivalent fibre in the fixed edge.It can be seen that the longitudinal waves first travel to the encastre at 4 μs. This clearly

IV. 2 IV. 2 . 1

 221 Micro-meso multi-scale model of one fabric Schematic and initial conditionsThe schematic of the numerical micro-mesoscopic model is presented in Figure IV.18. As discussed above, the 98-fibres model can predict the micro-behaviour of one single crimped yarn; thus, the two centre yarns, which are in contact with the projectile, are modelled on the microscopic scale. In order to gain computation time, the rest of the fabric is modelled as a mesoscopic model.

Figure IV. 18

 18 Figure IV.18 Schematic of the micro-meso model (a) the centre zone (b) fabric quarter symmetric FE model.

Figure IV. 19

 19 Figure IV.19 presents the evolution of the projectile velocity in comparison with the mesoscopic model. The mesoscopic model has been validated in our previous works[START_REF] Chu | A numerical investigation of the influence of yarn mechanical and physical properties on the ballistic impact behavior of a Kevlar KM2® woven fabric[END_REF][START_REF] Ha-Minh | Numerical multi-scale modeling for textile woven fabric against ballistic impact[END_REF]. It is observed that the two curves are almost similar. The velocity of the mesoscopic is lower. This is because the two mesoscopic primary yarns modelled by shell elements are stiffer than the microscopic ones and the microscopic yarn fails earlier, as discussed in the previous section.

Figure IV. 19

 19 Figure IV.19 Evolution of the projectile velocity.

Figure IV. 20 Fibre

 20 Figure IV.20 Propagation of the deformation wave.

Figure IV. 21 Figure IV. 22

 2122 Figure IV.21 Numbering of yarns in the impact zone.

Figure IV. 23

 23 Figure IV.23 Total failure of primary yarns.

Figure IV. 24

 24 FigureIV.[START_REF] Gu | Analytical modeling for the ballistic perforation of planar plain-woven fabric target by projectile[END_REF] shows the interactions between two primary yarns in the zone under the projectile until 20 μs. At 0.7 μs, the projectile strikes yarn 2 and fibres in this yarn are compacted but not yet in contact with yarn 1. Then, interactions between the fibres in the two yarns are observed. It is noted that after 4.9 μs, the Von Mises stress does not vary significantly as the two yarns move with the projectile, and the relative position does not change. Additionally, fibres can laterally spread as they are compressed.

Figure IV. 24

 24 Figure IV.24 Interactions between two primary yarns of the multi-scale model under the projectile.

Figure IV. 25

 25 Figure IV.25 presents the counterpart of the mesoscopic model. It clearly shows significant differences in comparison with the multi-scale model. The cross-sections of the yarns are the same during the impact. In addition, the Von Mises stress proportionally increases with time. Furthermore, no local failure is observed.

Figure IV. 25

 25 Figure IV.25 Interactions between two primary yarns of the mesoscopic model under the projectile.

Figure IV. 26

 26 Figure IV.26 Tensile force of individual fibres.

Figure IV. 27

 27 Figure IV.27 Total tensile force of the primary yarn 2.

Figure IV. 30

 30 Figure IV.30 Evolution of multi-scale fabric energies.

Figure IV. 31

 31 Figure IV.31 Comparison of fabric energies.

Figure

  Figure IV.31d presents a comparison of contact energies. It should be noted that in the first 20 μs, before the total failure of the first microscopic yarn, the two curves arealmost the same as the sliding friction between fibres mostly contributes to this energy in this period. After the first total failure, there is a sharp increase in the two curves. The reason is that the yarns fail, and the windowing process occurs so increasing the fibreprojectile friction. Due to the effects of the two microscopic yarns, this value is higher in the case of the multi-scale model.

Figure IV. 32

 32 Figure IV.32 shows the time history of the impact forces. Before 20 μs, the two curves are similar. However, from 19 to 22 μs, there is a significant difference. While the curve of the mesoscopic model sharply increases, the curve of the microscopic model

Figure IV. 32

 32 Figure IV.32 Comparison of impact force.
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Ce chapitre présente l'état de l'art des études sur les performances balistiques des matériaux tissés. Nous avons abordé les principaux mécanismes de réponses de ces matériaux soumis à un impact balistique décrits dans la littérature, tels que la formation et la propagation des ondes

de 

déformation d'un fil, ainsi que les réponses globales et locales d'un tissu au cours de l'impact. Dans un second temps, nous avons présenté les facteurs qui influencent les performances balistiques des tissus. En effet, cette performance est influencée par une combinaison de nombreux paramètres tels que les propriétés physiques et mécaniques des fils et des tissus, la friction projectile/tissu et fil/fil, les propriétés physiques et mécaniques des projectiles, etc. Aussi, nous avons présenté une synthèse des principales investigations portant sur les modélisations numériques concernant l'impact balistique d'un tissu. Ces modèles sont classés selon quatre échelles : échelle macroscopique, échelle mésoscopique, échelle microscopique et multi-échelle (macro/méso, méso/micro). Les avantages et les inconvénients de chaque modèle sont mis en évidence et discutés. Un focus a été mis sur les travaux portant sur la modélisation microscopique à l'échelle d'une fibre. Pour cela, nous avons présenté les réponses mécaniques d'une ou plusieurs fibres soumises à une compression transversale, à partir des résultats expérimentaux, analytiques et numériques. Ensuite, plusieurs travaux expérimentaux et numériques sont passés en revue. Contents I.1 Ballistic impact phenomenon ................................................................................ I.1.1 Introduction ................................................................................................... I.1.2 Ballistic impact responses .............................................................................. II.2.1 Influence of material properties ..................................................................... I.2.2 Influence of friction coefficient ....................................................................... I.2.3 Influence of projectile properties .................................................................... II.3.1 Macroscopic model ........................................................................................ I.3.2 Mesoscopic model .......................................................................................... I.3.3 Macro-meso multi-scale model....................................................................... I.3.4 Microscopic model ......................................................................................... I.4 I.4.1 Analytical theory ............................................................................................ I.4.2 Experimental works ........................................................................................ I.4.3 Numerical modelling ...................................................................................... I.5 Elementary homogenization approach of transverse compressive behaviour of Kevlar yarns .

Table II . 1

 II1 Kevlar® 49 and Kevlar® KM2 fibre properties[START_REF] Cheng | Experimental investigation of the transverse mechanical properties of a single Kevlar® KM2 fiber[END_REF][START_REF] Bourgoyne | Transverse properties of bulk aramid fibres[END_REF][START_REF] Sockalingam | On the transverse compression response of Kevlar KM2 using fiber-level finite element model[END_REF] 

	ρ (kg/m3) D (µm) E

5 A SEM micrograph of Kevlar KM2 fibres [77].

F d

3 (GPa) E 1 (GPa) G 13 (GPa) ν 31 ν 12

  

	Kevlar®49	1440	11.3	129.6	2.49	2.01 0.62 0.31
	Kevlar®KM2	1440	12.0	84.62	1.34	24.40 0.60 0.24

  14. 

	Then effective bulk modulus eff k and shear modulus eff  can be calculated as
	follows:						
	III.16.	k	eff		1 3	trace 	(III.16)
	III.17.	eff  	12	(III.17)
	For SUBC, one takes:
					1 0 0 
	III.18.	0 1 0 0 0 1    k  	(III.18)
					0 1 0 
	III.19.	1 0 0 000      	(III.19)
	Then effective bulk modulus eff k and shear modulus eff  can be defined as follows:
	III.20.	1 eff k			trace		(III.20)
	III.21.	1 eff 		2		12	(III.21)
		E	k	 1 00  3  1 00 00 3    1  3   	(III.14)
	III.15.	E 	1  00  2  1 00    0 0 0  2   	(III.15)

Table III . 1

 III1 Effective mechanical properties versus fibre volume fractionIt should be noted that the earlier homogenization theory in which only one RVE is determined in the initial stage provides a linear elastic material law as shown in the first row of TableIII.1, while the new strategy can provide a non-linear elastic law.

	f V (%)	] [GPa E		 (%)
	90.7	0.56	0.101	0
	91.0	0.63	0.139	3.2
	91.6	0.69	0.161	4.7
	92.2	0.76	0.177	6.3
	92.9	0.81	0.180	7.9
	94.1	0.90	0.184	9.5
	94.7	0.95	0.196	11.0
	95.2	0.96	0.198	12.6
	95.6	1.04	0.215	14.2
	95.9	1.08	0.218	15.8
	96.2	1.09	0.216	17.4
	96.9	1.14	0.218	20.5
	97.6	1.17	0.222	23.7
	98.3	1.20	0.226	26.8
	99.0	1.29	0.237	30.0

  Then, using numerical finite element homogenization techniques, effective homogenised behaviour laws representing the elastic nonlinearity of one block of Kevlar KM2 fibres and one Kevlar KM2 yarn are obtained. In these Contents IV.1 Behaviour of one single crimped yarn .............................................................. IV.1.1 Schematic and initial conditions ................................................................ IV.1.2 Results and discussion ............................................................................... IV.1.3 Conclusion ................................................................................................. IV.2 Micro-meso multi-scale model of one fabric .................................................... IV.2.1 Schematic and initial conditions ................................................................ IV.2.2 Result and discussion ................................................................................. IV.3 Conclusion .......................................................................................................
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Chapter I Bibliography Analysis

Abstract

This chapter presents the state of the art regarding studies on the ballistic performance of woven materials. The main response mechanisms of these materials subjected to ballistic impact described in the literature, such as the formation and propagation of deformation waves of yarn, as well as the global and local responses of fabrics during impact, are discussed. We then present the factors that influence the ballistic performance of the tissue. Indeed, this performance is influenced by a combination of many parameters, including the physical and mechanical properties of yarns and fabrics, projectile/fabric and yarn/yarn friction, physical and mechanical properties of projectiles.

A summary of the main numerical modelling investigation concerning the ballistic impact of fabrics is also presented. These models are classified into four scales: macroscopic scale, mesoscopic scale, microscopic scale and multi-scale (macro/meso, meso/micro). The advantages and disadvantages of each model are highlighted and discussed.

Previous works based on microscopic modelling at the fibre scale are featured. For this purpose, we present the mechanical responses of one or more fibres subjected to transverse compression, based on experimental, analytical and numerical results. Some experimental and numerical works are also reviewed.

using pin-jointed fibre elements. The model was able to predict the deformation and tearing manner of the fabric, but not the slippage of yarns.

. [START_REF] Shahkarami | 3 -Material responses to ballistic impact[END_REF] shows the macroscopic model conducted by Lim et al. [START_REF] Lim | Finite-element modeling of the ballistic impact of fabric armor[END_REF]. The authors investigated a finite element model of a Twaron fabric subjected to ballistic impact using membrane elements. The material was assumed to be isotropic, elasto plastic, and strain-rate-dependent. Failure criterion and penalty contact were also [START_REF] Ha-Minh | Numerical multi-scale modeling for textile woven fabric against ballistic impact[END_REF][START_REF] Ha-Minh | Numerical analysis of a ballistic impact on textile fabric[END_REF].

The authors considered the fabric as a homogeneous plate represented by 3D shell

Chapter II Numerical Analysis of Microscopic

Transverse Compressive Behaviour of Fibres

Abstract

In this chapter, the microscopic transverse compressive behaviour of fibres is analysed. Indeed, the study of compression on this scale is motivated by the responses of the projectile in the area affected by the impact. Numerical modelling is developed in four configurations: (i) a single fibre; (ii) two fibres; (iii) a block of fibres; (iv) a yarn.

Numerical calculations are performed in the case of transverse compression using the assumption of 2D plane strain. In addition, the mesh convergence is studied in order to find the optimal number of finite elements for a cross-section of a fibre. The interactions with the friction between each fibre are considered. Non-linear evolution of the nominal stress and strain in the case of transverse compression of one and two fibres is obtained. This modelling is verified in the case of two Kevlar fibres (Kevlar® KM2 and Kevlar® 49). In the case of a block of fibres, we investigate the effects of friction on mechanical responses in terms of apparent stress-strain curves. The numerical results are validated by comparison with the experimental data.

Numerical modelling is applied to analyse the behaviour of one yarn composed of 400 fibres subjected to transverse compression, considering the elliptical shape the cross-section of the yarn. The mechanical response in terms of force-displacement curves clearly shows two main zones: (i) a zone of rearrangement of fibres where the volume fraction of the fibres is constant, (ii) a zone of non-linear behaviour corresponding to the compression of fibres where the volume fraction of the fibres increases with displacement. A relationship between the apparent effective strain and the volume fraction is also obtained. should be noted that even the deformation of fibres is negligible in this zone. At the end of this zone, the fibres start to be compressed.

Résumé

In the second zone, after being rearranged, the fibres are compressed. Meanwhile, the compression force starts to be positive and increases rapidly. A nonlinear relation between force and displacement is observed. As the material is assumed to be in the elastic domain until failure [START_REF] Ha-Minh | Analysis on failure mechanisms of an interlock woven fabric under ballistic impact[END_REF], this zone is called the Nonlinear elastic zone.

During the impact, fibres are compressed, and the yarn is compacted. Thus, the fibre volume fraction increases. In this part, the fibre volume fraction is defined as the total 

Chapter III

Homogenization of Transverse Compressive Behaviour of Fibres

Abstract

In this chapter, the transverse compression behaviour of fibres is studied using a numerical elementary homogenization approach. In the first part, an overview of the numerical homogenization method is presented. The concept of numerical homogenization and the most important notions, including the Representative Volume Element (RVE) and boundary conditions, are presented in detail. Several results of previous works concerning the application of the homogenization method on woven materials are presented in this section.

In the second part, the numerical homogenization method is developed to evaluate the effective properties in the case of a block of fibres and one yarn subjected to transverse compression. These homogenized behaviour laws are implemented in the ABAQUS software via a user-defined subroutine and validated by comparison with the results of microscopic models. An Effective Homogenized Material (EHM) for one yarn is proposed, leading to exciting results in terms of apparent stress-strain curves. This modelling allows for a robust model for the study of the impact of woven materials.

In order to propose a constitutive material model, the evolutions of the effective transverse Young's modulus E and the macroscopic strain  are analysed as a function (a)

techniques, the shape of the RVE is updated during the compression process.

Additionally, the contacts between fibres within the RVE are also considered.

The variation of the effective transverse modulus with the normalised volume fraction and apparent strain is described by a power-law function. The behaviour law is implemented into the FEA ABAQUS/Standard and validated by a good agreement in comparison with the microscopic one. This law allows a more accurate prediction of Kevlar KM2 fabric behaviour subjected to ballistic impact in future works.

Chapter IV Microscopic Behaviour of a Fabric

Subjected to Ballistic Impact

Abstract

In this chapter, the behaviour of the woven material subjected to a ballistic impact (impact velocity of 245 m/s) is studied using a microscopic approach in the case of (i) a single crimped yarn and (ii) one fabric. In the case of a single crimped yarn, two numerical fibre-scale models, in which 400 fibres are represented by [START_REF] Chu | Numerical study of inter-yarn friction on the failure of fabrics upon ballistic impacts[END_REF] 

Transverse compressive behaviour of fibres

In this sub-section, the transverse compressive behaviour of fibres of yarn 2 is analysed. compressed. As yarn 2 is not rigid, the compressive strain varies and not linear increases.

While in the initial stage, the maximum compressed strain of 0.41 is observed, in this stage, the maximum compressed strain is 0.15.

Figure IV.29

Transverse compression of fibres after the initial stage.

Conclusions and perspectives

General conclusions

The state of the art analysis showed an interest in the study of fabric performance under ballistic impact. It is noted that a number of research works have been dedicated to the understanding and modelling of the physical phenomena that occur. Indeed, the development of numerical tools has allowed researchers to develop numerical approaches for modelling the behaviour of fabric at different scales: macroscopic (fabric scale), mesoscopic (yarn scale) and microscopic (fibre scale).

This thesis focused on the numerical study of the behaviour at the microscopic scale of woven material using a microscopic approach based on numerical homogenization.

During ballistic impact, the fabric's impact zone is subjected to local compression of the fibres, leading to the analysis of fibre responses under transverse compressive loading at different scales. In this case, we have proposed four transverse compressive 2D plane strain models of (i) a single fibre, (ii) two fibres, (iii) a block of fibres and (iv) a single yarn. The mesh sensitivity study was carried out. The results showed a non-linear behaviour of fibres subjected to transverse compression. This behaviour can be divided into two zones: (i) zone of rearrangement of fibres and (ii) zone of non-linear behaviour.

Furthermore, in the second zone, the volume fraction of the fibres increases with displacement. It is noted that the evolution of apparent strain has been described from the evolution of the fibre volume fraction. It clearly showed that the role of friction between fibres is insignificant.

Fibre-fibre interactions have also been observed. The results were validated by comparison with data from experimental work in terms of the apparent stress-strain relationship.

Using numerical finite element homogenization technique, calculations were performed at the Representative Volume Element (RVE), considering the periodic distribution of the yarn and fibre-fibre interactions. The variation of the transverse effective elastic modulus E with the normalized volume fraction and the apparent strain was described by a power-law function. The homogenized behaviour law has been -

The effective homogenized transverse compressive behaviour law can be implemented into the mesoscopic numerical models, allowing a more accurate prediction of woven fabric behaviour taking into account the variation of transverse Young's modulus of yarn.

-It is now also possible to take into account the entire anisotropy of the material by homogenizing the matrix of elastic coefficients as a whole and not only the transverse compression behaviour.

-A further study can also follow this work by investigating at the homogenized elastic properties, such as effective bulk modulus and effective shear modulus, to build a complete homogenized behaviour law.

-Given the mastery of this technique, it is also desirable to address other mechanical behaviours, i.e. non-linear behaviour.

-One can also imagine performing the inverse process of homogenization. Starting from a fixed mechanical behaviour, one goes back to the ideal morphology or the ideal matrix of the elastic coefficients of yarn which may be behind the adequate mechanical behaviour. This falls within the context of the so-called optimal morphology design of numerical materials.

Conclusions et perspectives

Conclusions générales

L'analyse de l'état de l'art a montré l'intérêt porté à l'étude de la performance des tissus sous impact balistique. On note qu'un nombre important de travaux de recherche ont été consacrés à la compréhension et à la modélisation des phénomènes physiques qui se produisent. 

Perspectives

Cette thèse ouvre de nouveaux horizons dans le modélisation des tissus soumis à un impact balistique:

-Le micro-comportement des fibres dans un tissu soumis à un impact balistique peut être entièrement étudié en développant le modèle micro-meso multi-échelle du tissu.

Le nombre de fils microscopiques devrait être augmenté dans la zone d'impact.

L'analyse des éléments hybrides peut être appliquée afin de gagner du temps de calcul.

-La loi de comportement en compression transversale homogénéisée effective peut être mise en oeuvre dans les modèles numériques mésoscopiques, permettant une prédiction plus précise du comportement du tissu en tenant compte de la variation du module de Young transversal du fil.