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Modélisation thermomécanique non linéaire de maçonneries réfractaires

Introduction

Cette thèse s'inscrit dans le cadre d'un projet de recherche Marie Curie financé par l'Union Européenne, consacré à la modélisation multi-échelle thermomécanique avancée des garnissages réfractaires (ATHOR) [1]. Le réseau ATHOR est composé de 7 institutions académiques et de 8 partenaires industriels (voir Fig. 1). Ces différents partenaires se consacrent à la formation de 15 doctorants dans différents domaines afin de mieux comprendre le comportement thermomécanique des garnissages réfractaires.

Figure 1 : Réseau ATHOR : partenaires académiques et industriels [1].

En raison de leur bonne stabilité thermomécanique, thermique et chimique, les réfractaires sont reconnus comme des matériaux céramiques uniques. Ils sont capables de résister à des conditions de fonctionnement sévères, comme des températures élevées (supérieures à 1000 °C), des chocs thermiques, des fortes contraintes thermomécaniques, de l'érosion et de la corrosion, qui sont considérées comme les facteurs principaux de dégradation des matériaux [2][3][4][5].

Étant le seul matériau à faible coût capable de résister à des combinaisons complexes de ces conditions de fonctionnement extrêmes, les réfractaires sont considérés comme des céramiques avancées. Ces matériaux sont largement utilisés pour le revêtement de nombreux composants à haute température utilisés dans plusieurs industries comme la production de verre, de ciment et la sidérurgie. L'industrie sidérurgique est le plus grand consommateur de réfractaires, représentant environ 60% du marché des matériaux réfractaires [6].

La poche à acier (voir Figure 2) est un composant clé de l'industrie sidérurgique et le principal utilisateur de réfractaires, représentant environ 25% de la consommation totale de matériaux [7]. La conception et l'optimisation du garnissage de la poche à acier restent un défi technique en raison de l'interaction complexe entre les champs thermiques, la chimie et le comportement thermomécanique non linéaire des réfractaires à haute température [8][9][10][11]. Par conséquent, la recherche et le développement sur ces garnissages sont nécessaires pour répondre aux besoins actuels et futurs de l'industrie sidérurgique. Dans le cadre d'ATHOR, les buts de cette étude étaient : premièrement, la caractérisation du comportement mécanique et thermomécanique de la maçonnerie réfractaire sans mortier et deuxièmement, le développement de modèles pour décrire, avec précision, le comportement élastique-viscoplastique orthotrope de la maçonnerie avec ou sans mortier. Les méthodes expérimentales, les résultats obtenus et les modèles numériques développés et présentés dans ce travail pourront aider à mieux comprendre le comportement mécanique complexe des garnissages réfractaires et aider à leur conception et optimisation.

Essais sur maçonneries réfractaires sans mortier

L'étude bibliographique sur les travaux expérimentaux de maçonnerie sans mortier a montré que les résultats expérimentaux disponibles sur le comportement thermomécanique des maçonneries réfractaires étaient peu nombreux et que notre compréhension de leur comportement mécanique était limitée. Par ailleurs, afin de mieux comprendre le comportement mécanique et thermomécanique de ces structures et de développer des modèles numériques précis, capables de rendre compte des phénomènes réels, deux campagnes expérimentales à grande échelle ont été réalisées dans le cadre du projet ATHOR en collaboration avec l'Université de Coimbra (Portugal) et RHI Magnesita (Leoben, Autriche). Pour obtenir un maximum d'informations à partir de ces essais, des techniques de mesure de déplacement en plein champ (corrélation d'images, notée DIC) ont été employées. Au total, 10 séries de tests à grande échelle (représentant 20 tests au total) ont été effectuées. Chaque série visait à examiner des aspects essentiels.

Des essais de compression uniaxiale à température ambiante et à haute température ont été réalisés pour comprendre les impacts des tolérances dimensionnelles et de forme des briques sur la réponse mécanique et la capacité de charge de la maçonnerie. Les dispositifs expérimentaux utilisées pour réaliser les essais de compression uniaxiale des maçonneries réfractaires à température ambiante et à haute température sont présentées dans les figures 3 et 4 ; ils sont composés de :

• Un cadre construit avec deux poutres en acier HEB-500 et deux poutres HEB-600. Il est fixé à une dalle en béton. • Deux poutres de chargement : une poutre HEB-240 et une poutre mixte acier/béton. • Deux guides latéraux en acier pour assurer l'alignement des poutres de chargement.

Ils sont fixés à la dalle de réaction. • Un vérin hydraulique pour l'application de la charge avec une capacité de 3000 kN. Le vérin est fixé au cadre et est contrôlé par une unité centrale servo-hydraulique. • Une cellule de charge pour mesurer la charge appliquée avec une capacité maximale de 5000 kN. Elle est fixée entre la tête du vérin hydraulique et la poutre de chargement. • Un four électrique de 45 KVA pour chauffer le mur de maçonnerie (uniquement pour les essais à haute température). • Un enregistreur de données pour sauvegarder les données des LVDT et des thermocouples.

Les résultats de ces tests ont montré que les tolérances des briques ont pour conséquence des champs de déplacement hautement non uniformes (obtenus en utilisant la DIC, voir figure 5), un contact limité entre briques et des concentrations de contraintes au milieu des briques. Par conséquent, les valeurs expérimentales du module d'Young tangent du mur et de la résistance ultime à la compression étaient inférieures à celles du matériau de base des briques.

Figure 3: dispositif expérimental utilisé pour réaliser des essais de compression uniaxiale de maçonnerie réfractaire à température ambiante.

Figure 4: dispositif expérimental utilisé pour réaliser des essais de compression uniaxiale de maçonnerie réfractaire à haute température. En utilisant un autre dispositif expérimental, des essais de compression cyclique uniaxial et biaxiale ont été réalisés (voir figure 6) pour comprendre le comportement mécanique de la maçonnerie à température ambiante sous charge et décharge mécanique cyclique, et pour étudier l'impact de la fermeture et de l'ouverture des joints sur le comportement mécanique. Les résultats indiquent que la maçonnerie a un comportement mécanique orthotrope et que la rigidité effective dans la direction normale aux joints verticaux est supérieure à celle dans la direction normale aux joints horizontaux (pour les maçonneries étudiées, le nombre de joints verticaux était inférieur au nombre de joints horizontaux). En outre, il a été montré que les relations force-déplacement de la maçonnerie sont fortement non linéaires (voir figure 7) en raison de la fermeture progressive des joints et de l'augmentation de la rigidité avec leur fermeture. Il a été également montré qu'après le déchargement, il y avait généralement une déformation permanente et que les maçonneries ne revenaient pas à leur configuration initiale (voir figure 7). Ce comportement a été attribué au fait que l'épaisseur finale des joints après déchargement était généralement faible par rapport à l'épaisseur initiale (avant chargement).

Figure 6: exemple de maçonnerie réfractaire soumise à une compression biaxiale à température ambiante. Les garnissages réfractaires sont normalement utilisés à haute température (environ 1500 °C) et, à cette température, les impacts du fluage et de la relaxation des contraintes sont importants. Il était donc important de tester les maçonneries réfractaires à des températures similaires à celles en service. Les comportements de fluage uniaxial, biaxial et de relaxation biaxiale ont été étudiés à 1500°C. Il a été observé que pendant l'application de la charge, la maçonnerie a un comportement orthotrope non linéaire à cause de la fermeture progressive des joints. Cependant, après la fermeture des joints, le comportement était isotrope (l'augmentation de la déformation de fluage était presque similaire dans les directions normales aux joints verticaux et horizontaux). Après le déchargement, les résultats ont montré que la déformation récupérée était très faible par rapport à la déformation due à l'application de la charge (voir figure 8). Les causes sont les suivantes :

-pendant le déchargement, peu de joints se rouvrent et leur épaisseur finale est très faible par rapport à leur épaisseur initiale.

-la déformation permanente due au comportement viscoplastique de la structure à haute température. 

Modélisation multi-échelle des maçonneries avec ou sans mortier

Deux techniques de modélisation de la maçonnerie sans mortier ont été développées dans la littérature : la micro-modélisation et la modélisation multi-échelle. Cette dernière a été choisie dans ce travail car elle offre un bon compromis entre la précision et le temps de calcul. Les principales difficultés dans le développement de modèles multi-échelles de la maçonnerie sont liées à la microstructure hétérogène du matériau, qui affecte fortement la réponse globale. Cependant, certaines caractéristiques importantes peuvent être identifiées, telles que la relation contrainte-déformation fortement non linéaire due à la fermeture progressive des joints et le comportement orthotrope (causé par la différence entre le nombre de joints verticaux et horizontaux et le fait qu'ils peuvent être fermés dans une direction et ouverts dans l'autre).

Pour modéliser numériquement de tels phénomènes non linéaires et prendre en compte les impacts de la fermeture/ouverture des joints sur la réponse mécanique homogénéisée de la maçonnerie, quatre états périodiques ont été définis (voir figure 9). Chaque état est associé à un cas spécifique de joints horizontaux et verticaux (ouverts ou fermés). Ensuite, le comportement élastique viscoplastique homogénéisé de chaque état a été déterminé en utilisant une technique d'homogénéisation non linéaire basée sur les éléments finis. Pour prendre en compte l'augmentation progressive de la rigidité avec la fermeture graduelle des joints et reproduire le comportement non linéaire, les joints ont été réduits à une interface de faible épaisseur (au niveau du volume élémentaire représentatif avec micro-modélisation) où les comportements constitutifs normaux et de cisaillement des joints ont été mis en oeuvre.

Des critères appropriés de fermeture, de réouverture et de transition entre les 4 états ont été développés et mis en oeuvre. Le modèle multi-échelle a été utilisé pour prédire la réponse mécanique de la maçonnerie dans une large gamme de conditions de chargement thermomécaniques. Il a été montré que le modèle numérique peut reproduire avec une précision raisonnable le comportement élastique viscoplastique orthotrope non linéaire de la maçonnerie sans mortier et tenir compte de la fermeture et de l'ouverture des joints (voir figure 10).

Figure 9 : Schémas de tous les états de joints possibles de la maçonnerie réfractaire sans mortier et critères de fermeture/ouverture des joints.

Dans le cas de la maçonnerie avec mortier, un modèle multi-échelle élasto-viscoplastique et homogène a été développé. Les briques et le mortier ont été considérés comme ayant un comportement élastoviscoplastique. Quatre états ont été définis en fonction de l'état des joints (voir figure 11). Le changement entre les quatre états a été défini par une limite en traction et le critère de Mohr-Coulomb. Le comportement élasto-viscoplastique homogénéisé de chaque état a été déterminé en utilisant une approche d'homogénéisation non linéaire basée sur les éléments finis. La vérification du modèle multi-échelle a été effectuée en comparant les résultats numériques des micro-modèles avec les modèles de matériaux homogènes équivalents. Ensuite, le modèle développé a été utilisé pour prédire la réponse mécanique des maçonneries soumis à des charges de cisaillement et de flexion. Le modèle a été capable de prédire la réponse mécanique et les fissures (voir figure 12). 

Modélisation thermomécanique non linéaire d'une poche à acier

Les modèles de matériaux multi-échelles développés des maçonneries avec ou sans mortier ont été utilisés pour représenter les différents garnissages réfractaires dans une poche à acier simplifiée. Ensuite, des études thermomécaniques transitoires couplées ont été réalisées. Les champs de température (voir figure 13) de la poche à acier ont été calculés et utilisés comme chargement thermique dans l'analyse thermomécanique. Le modèle thermomécanique permet de visualiser la fermeture et l'ouverture des joints pendant un cycle thermique complet (dans l'ordre : pré-chauffage, attente, remplissage d'acier liquide à 1650°C, traitement de l'acier, vidage, nettoyage et réparation) de la poche à acier. Les impacts de l'épaisseur des joints, du comportement des joints, des comportements des matériaux sur les contraintes thermomécaniques ont été étudiés (voir figure 14). Il a été observé que l'augmentation de l'épaisseur des joints réduit les contraintes thermomécaniques (voir figure 15). En outre, pour la même épaisseur de joint, l'utilisation d'une maçonnerie avec un comportement naturel des joints (fermeture progressive) entraîne des valeurs plus élevées des contraintes thermomécaniques par rapport à un joint parfait (ouvert ou fermé, voir la figure 15). L'inclusion de la viscoplasticité dans le modèle numérique a un impact significatif sur les contraintes thermomécaniques. Un changement de signe des contraintes de la compression à la tension et l'ouverture/fermeture de joints sur la face chaude des revêtements ont été observés. De plus, des valeurs plus faibles de contraintes thermomécaniques ont été obtenues lorsque des lois de comportement plus précises et plus complexes ont été utilisées pour représenter le comportement mécanique des différentes couches de la poche à acier (voir figure 15).

Figure 13 : champs de températures dans le quart d'une poche à acier à différents moments du cycle thermique.

Figure 12 : modèles de fissures dans la maçonnerie avec mortier soumis à une combinaison de compression uniaxiale et de chargement de cisaillement : (a) résultats expérimentaux [12] et (b) résultats numériques. 

Conclusions

Cette thèse s'inscrit dans le cadre d'un projet de recherche Marie Curie financé par l'Union Européenne et consacré à "Advanced THermomechanical multiscale mOdelling of Refractory linings (ATHOR)". Les principaux objectifs de cette étude sont premièrement, la caractérisation du comportement mécanique et thermomécanique des maçonneries réfractaires sous une large gamme de conditions de chargement thermomécanique. Deuxièmement, développer des modèles numériques rigoureux et efficaces, en termes de calcul, pour les maçonneries réfractaires avec ou sans mortier. Le comportement mécanique et thermomécanique d'une maçonnerie réfractaire avec des joints sans mortier a été étudié pour une large gamme de conditions de chargement à température ambiante et à hautes températures (jusqu'à 1500 o C). Des essais de compression uniaxiale, dans les directions normales aux joints horizontaux ou verticaux, et des essais de compression biaxiale à température ambiante ont été réalisés. Des essais de fluage uniaxial, biaxial et de relaxation biaxiale ont été également réalisés à hautes températures. Les résultats de ces essais aident à comprendre le comportement thermomécanique complexe des revêtements réfractaires. L'impact des joints, leur fermeture et ouverture, des erreurs dimensionnelles et de forme des briques sont expliqués. Ensuite, des modèles numériques multi-échelles de maçonnerie ont été développés en se basent sur de l'homogénéisation non linéaire. Les modèles considèrent le comportement élasto-viscoplastique orthotrope de la maçonnerie réfractaire et tiennent compte de la fermeture et/ou de l'ouverture des joints. Les modèles développés ont été calibrés et validés en comparant les résultats expérimentaux et numériques de maçonneries soumises à une large gamme de conditions de chargement thermomécanique. Les résultats numériques donnent des précisions sur la réponse thermomécanique des revêtements réfractaires et aident à comprendre leur comportement mécanique complexe. Les modèles validés ont été utilisés pour prédire la réponse thermomécanique transitoire d'une poche à acier à l'échelle industrielle. Les méthodes expérimentales, les résultats et les modèles multi-échelles développés et présentés dans cette étude ouvrent de nouvelles perspectives intéressantes pour la conception et l'optimisation des revêtements réfractaires utilisés dans différentes structures industrielles.

Introduction ATHOR project

The present PhD thesis is a part of a European funded Marie Curie research project dedicated to Advanced THermomechanical multi scale mOdelling of Refractory linings (ATHOR) [1].

The ATHOR network is composed of 7 academic institutions and 8 industrial partners (see Fig. 1). They are dedicated to train 15 Early Stage Researchers (ESR) in different fields for better understanding of the thermomechanical behavior of refractories. 

Motivations and objectives

Owing to their high thermomechanical, thermal and chemical stability, refractories are known as unique ceramic materials. They are able to withstand severe working conditions including: high operating temperature (above 1000 °C), thermal shock, high thermomechanical stresses, erosion and corrosion which are identified as the main ageing factors of the materials [2][3][4][5][6]. Being the only low cost material able to withstand complex combinations of these extreme working conditions, refractories are identified as advanced ceramics. These materials are widely used for the linings of many high temperature components, such as steel ladles, furnaces and rotary kilns, used in several high temperature industries as glass production, cement, iron and steel making. The iron and steel making industry is the major consumer of refractories, accounting for around 60% of the refractory materials market [7].

The steel ladle is a key component in the steel making industry, and is the primary refractory user, representing around 25% of all refractory consumption [8]. The design of the steel ladle linings can significantly be different between steel plants and regions. The linings could be castables or masonry with or without mortar. The present work is focused on refractory linings with dry or mortar joints. The design and optimization of these linings is still an engineering challenge due to the complex interaction between the thermal fields, the chemistry and the nonlinear thermomechanical behavior of refractories at high temperature [2,9,10]. Therefore, a constant research and development on refractory linings are required to meet with existing and new demanding requirements in the iron and steel industry.

As a part of ATHOR project, this PhD aims at characterizing the mechanical and thermomechanical behavior of refractory masonry with dry joints under a wide range of thermomechanical loading conditions. In addition, developing rigorous and computationally efficient numerical vi Organization of the thesis models for modeling the nonlinear orthotropic thermomechanical behavior of refractory masonry with dry or mortar joints and optimize their thermomechanical performance. The main objectives of the present thesis are summarised as following:

• Experimental characterization of the mechanical and thermomechanical behaviors of refractory masonry walls subjected to a wide range of loading conditions at room and high temperatures. The experimental tests shall help in understanding the complex behavior of refractory masonry at room and high temperatures. • Performing computational nonlinear homogenization of elastic viscoplastic refractory masonry structures with mortar and dry joints and developing multi scale numerical models for their simulation. The developed models should be efficient in terms of computational cost to enable full scale structural modeling of large scale industrial applications. The validation of the developed models will be carried out by comparing the experimental and numerical results of refractory masonry walls subjected to a wide range of loading conditions at room and high temperatures. • Performing 3D transient thermomechanical analysis of a simplified steel ladle and investigate it's thermomechanical response during complete thermal cycles of the steel-making process. The influence of temperature fluctuations on the transient thermomechanical response of the steel ladle will be studied. The impacts of joints thickness, joints behavior and the material models used for describing the behavior of the different layers in the ladle on the transient thermomechanical response of the lade will be investigated.

Organization of the thesis

The present PhD dissertation is organized as follows:

• Chapter 1 is dedicated to review the state of the art of mechanical homogenization of heterogeneous solids as well as experimental and numerical studies of masonry with dry and mortar joints. This state of the art is essential for pointing out possible directions of investigation for the present work. The capabilities and limitations of the different modeling techniques of masonry with dry and mortar joints are discussed. The previous experimental studies on masonry with dry and mortar joints are introduced. A review of existing numerical models of steel ladles is presented. • Chapter 2 is devoted to experimental characterization of refractory masonry walls subjected to uniaxial and biaxial compression loads at room and high temperature. This chapter gathers a considerable database on the mechanical and thermomechanical characterization of refractory masonry with dry joints. The two large scale experimental campaigns performed within the framework of ATHOR project are presented. The studied materials, their mechanical and thermo physical properties are introduced. Detailed descriptions of the uniaxial compression test setup at university of Coimbra, displacement and temperature measurement techniques, specimens, results and discussions of masonry INTRODUCTION subjected to uniaxial compression at room and high temperatures are given. Detailed descriptions of the biaxial compression test setup at RHI Magnesita, measurement techniques, tested specimens, results and discussions of masonry subjected to a wide range of thermomechanical loading conditions are presented. • Chapter 3 is dedicated to the description of the proposed multi scale numerical models of masonry with mortar and dry joints. These models are based on defining possible joint patterns. The nonlinear homogenization technique and the determination of the effective elastic viscoplastic behaviors of masonry with dry and mortar joints are presented.

The macroscopic orthotropic constitutive laws used to describe the homogenized elastic viscoplastic behavior of the different joint patterns are presented. Joints closure and/or opening, caused by cyclic loading and unloading, are considered in the models. Details about closure and/or opening criteria of the joints are provided. Finally, some comparisons between the numerical results of detailed micro modeling approach with that of multi scale modeling are presented. • Chapter 4 is dedicated to the validation of the developed multi scale models of masonry with dry and mortar joints. For masonry with dry joints, the models were validated by comparing the experimental results (presented in chapter 2) and numerical results of masonry subjected to a wide range of thermomechanical loading conditions. Regarding masonry with mortar joints, comparative studies with numerical and experimental results of masonry subjected to in-plane shear [11] and masonry subjected to bending load [12] are presented. • Chapter 5 is devoted to describe the three-dimensional coupled sequential thermomechanical models of a simplified steel ladle. Details about the thermal analysis used to compute the temperature distribution of the steel ladle during three full thermal cycles of the steel making process are given. These temperature distribution has been, in turn, used as thermal load for the thermomechanical analysis. The working lining, the bottom and the safety lining of the ladle have been replaced by equivalent material models that have been developed in chapter 3 and validated in chapter 4. The impacts of temperature fluctuations, joint thickness, joint behavior, constitutive material models of the different linings of the ladle and the steel shell on the transient thermomechanical response of the ladle are investigated. Finally, this thesis will be closed by some concluding remarks, key results and the proposition of potential future work, based on the gained experience and results. 

Thermal and mechanical properties of alumina spinel bricks tested in the present

work: (a) thermal conductivity [START_REF] Vitiello | Thermo-physical properties of insulating refractory materials[END_REF], (b) specific heat [START_REF] Vitiello | Thermo-physical properties of insulating refractory materials[END_REF], (c) Young's modulus [START_REF] Kaczmarek | Mechanical characterization of refractory materials[END_REF] 

LITERATURE SURVEY

This chapter is devoted to review the state of the art of mechanical homogenization of heterogeneous solids as well as experimental and numerical studies of masonry with dry and mortar joints. This state of the art is essential for pointing out possible directions of investigation for the present work. The different modeling techniques of discrete and continuum medium as well as multi scale modeling are introduced in section 1.1. As in multi scale modeling of materials the so called "Representative Volume Element (RVE)" is extensively used, more details about the term RVE and important points to consider when selecting a RVE are discussed in section 1.2. Then, different analytical and computational homogenization techniques of heterogeneous materials are presented in section 1.3. Previous experimental studies on masonry with dry and mortar joints as well as the different modeling approaches are discussed in detail in sections 1.4 and 1.5. Section 1.6 provides a review of existing numerical models of steel ladles. Finally, some concluding remarks about experimental and numerical studies of masonry with dry and mortar joints and numerical modeling of steel ladles are given in section 1.7.

Modeling techniques

Modeling techniques of refractories, and materials in general, can be classified into two main techniques depending on the length scale spectrum of the material: a) discrete and b) continuum modeling techniques (see Fig. 1.1). The two techniques are very different, and they are used for modeling discrete and continuum media. The difference between the two techniques is caused by how the material is represented at the nano scale (represented as discrete medium) and at the micro to macro scales (represented as continuum medium). A discrete medium is usually represented by a finite number of points (atoms, nodes in a lattice structure), separated by finite distances and connected together by individual elements (i.e. bonds) that drive the interactions between them. On the other hand, a continuum medium is represented by infinite number of zero dimensional points that form continuous lines, surfaces and volumes. Of course 1. LITERATURE SURVEY the latter representation diverges from the physical structure of materials (at the nano scale), but it's a prerequisite for practical description of materials behavior at large scales. Moreover, the engineering fields of solids mechanics are based on continuum assumption (including the present work). The major challenge is to employ efficient methodologies to link the discrete and continuum modeling techniques. Several analytical and computational methods for modeling discrete and continuum media are available (see Fig. 1.1). As the present work is focused on modeling continuum medium, full description of continuum modeling approaches are given in section 1.3. Some well-known analytical and computational discrete modeling approaches are briefly introduced below.

Quantum mechanics: explains the behavior of matter at atomic scale and its interactions with energy. Energies related to the position of atoms drive the properties and equilibrium of materials [START_REF] Griffiths | Introduction to quantum mechanics[END_REF][START_REF] Shankar | Principles of quantum mechanics[END_REF]. Molecular mechanics: In the framework of molecular mechanics, atoms are represented as rigid particles who can only translate in three dimensions (do not have rotational degrees of freedom). These rigid particles interact with each other through different inter atomic force fields such as bond stretching, torsion bond angle bending and Van der Waals interactions [START_REF] Yu | Adhesive contact based on the Lennard-Jones potential: a correction to the value of the equilibrium distance as used in the potential[END_REF][START_REF] Odegard | 6.2 Computational Multiscale Modeling -Nanoscale to Macroscale[END_REF]. The elastic properties of materials can be estimated from the force fields. AB initio: is a computational method that builds on quantum mechanics principles [START_REF] Yao | Ab Initio Calculation of Elastic Constants of Ceramic Crystals[END_REF].

It is used to predict a range of properties such as atomic interactions, band gaps, electrical 1.2. Representative volume element conductivity, molecular structure and elastic constants. The results are predicted by knowing the system structure and elemental composition of the material. Molecular dynamics: is a computer simulation method that builds on molecular mechanics framework. As compared to molecular mechanics, molecular dynamics can predict the time dependent evolution (resulting from atomic motion) of inter atomic forces. Time dependent evolution of inter atomic forces are captured by tracking the motion of atoms due to temperature, pressure, etc [START_REF] Cao | Influence of sintering process and interfacial bonding mechanism on the mechanical properties of MgO-C refractories[END_REF][START_REF] Zhao | Simulation of meso-damage of refractory based on cohesion model and molecular dynamics method[END_REF].

Representative volume element

In the field of multi scale modeling of materials, both discrete and continuum (especially from µm to mm) modeling techniques are using a carefully chosen volume of the material at the small scale (for example nano scale, see Fig. 1.1) to determine the effective properties of the material at a bigger scale (for example micro scale, see Fig. 1.1). The chosen volume is very small as compared to the larger scale and it's behavior should be representative to that of the material at the bigger scale. The carefully chosen volume of the material is called Representative Volume Element (RVE). The RVE concept is important in the field of computational multi scale modeling of materials as it allows to move from smaller to larger scales and to build relationships between materials' structure and properties.

The term RVE was coined by Hill [START_REF] Hill | Elastic properties of reinforced solids: Some theoretical principles[END_REF] and further explained by Hashin [START_REF] Hashin | Analysis of Composite Materials-A Survey[END_REF]. The RVE is a volume of material whose properties are representative to the bulk material. In the case of fictions homogeneous materials, the RVE is finitely small. However, at some scale, all materials are heterogeneous. The RVE is a valuable limit (in terms of size) to choose between microscopic and continuum theories. As in the case of scales above the RVE, continuum theories can be used. On the other hand, for scales smaller than the RVE one should use microscopic theories and consider the detailed structure of the material. Several points should be considered when choosing the size of the RVE such as:

• The volume of the RVE must be large enough (as compared to micro structure of the material) to capture all the information about the material from a statistical point of view. • The RVE volume should be large enough to allow the heterogeneous nature of the materials to be averaged. • If uniform displacement or force are applied to the boundaries of the RVE, similar response should be obtained [START_REF] Hill | Elastic properties of reinforced solids: Some theoretical principles[END_REF]. • As shown in Fig. 1.2, uniform force or displacement boundary conditions require larger RVE as compared to periodic boundary conditions (PBC) [START_REF] Espadas-Escalante | A study on the influence of boundary conditions in computational homogenization of periodic structures with application to woven composites[END_REF][START_REF] Xia | A unified periodical boundary conditions for representative volume elements of composites and applications[END_REF][START_REF] Odegard | Multiscale modeling of nanocomposite materials[END_REF]. Further details about different types of boundary conditions are given later.

1. LITERATURE SURVEY 

Homogenization techniques

The major objective of homogenization is to determine the effective properties (mechanical, thermo-physical, etc.) of a heterogeneous material from the knowledge of geometrical configurations and properties of its constituents. This allows to replace a heterogeneous material, at the microscopic scale, with an equivalent homogeneous material at the macroscopic scale, see Fig 1 .3. Several analytical and numerical homogenization techniques were developed in the past decades. They can be classified into two main categories: (a) mean field techniques (also known as average field techniques) and (b) full field techniques. Generally speaking, these techniques are physics and mathematics based approaches [START_REF] Hori | On two micromechanics theories for determining micromacro relations in heterogeneous solids[END_REF]. The most common mean field and full field homogenization techniques are reviewed in sections 1.3.1 and 1.3.2. 

Mean field techniques

The mean field techniques (MFTs) are analytical or semi-analytical approaches based on Eshelby's equivalent inclusion method [START_REF] Eshelby | The elastic field outside an ellipsoidal inclusion[END_REF][START_REF] Eshelby | The determination of the elastic field of an ellipsoidal inclusion, and related problems[END_REF]. They are well-developed in the framework of linear elasticity. The extension of MFTs to rate dependent or independent elasto-plasticity is a challenging task as they usually require linearization procedures such as secant formulations [START_REF] Pierard | Micromechanics of particle-reinforced elasto-viscoplastic composites: Finite element simulations versus affine homogenization[END_REF][START_REF] Chaboche | On the capabilities of mean-field approaches for the description of plasticity in metal matrix composites[END_REF][START_REF] Castañeda | Nonlinear Composites[END_REF].

Homogenization techniques

MFTs are fast and efficient from the computational point of view. Many approximations were developed over the past decades such as classic bounds approaches [START_REF] Reuss | Calculation of the flow limits of mixed crystals on the basis of the plasticity of monocrystals[END_REF][START_REF] Voigt | Ueber die Beziehung zwischen den beiden Elasticitätsconstanten isotroper Körper[END_REF][START_REF] Hashin | The Elastic Moduli of Heterogeneous Materials[END_REF][START_REF] Hashin | A variational approach to the theory of the elastic behaviour of multiphase materials[END_REF], Mori-Tanaka [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF] and self-consistent schemes [START_REF] Kröner | Bounds for effective elastic moduli of disordered materials[END_REF][START_REF] Walpole | On the overall elastic moduli of composite materials[END_REF]. The main drawback of MFTs is that they are restricted to small volume fractions of inclusions with ellipsoidal or spherical shapes.

Before introducing the MFTs, some important theoretical formulations and scale transition between the microscopic and macroscopic fields are firstly introduced. Consider a RVE (Ω) with volume V Ω of heterogeneous material composed of an elastic matrix (m) with volume V m and randomly distributed inclusions (i) with volume V i , (V Ω = V m + V i ) and boundary Γ; see Fig. 1.3. The elastic properties of i and m are known. The volume fractions v i and v m , in the absence of voids, are expressed as:

v m = V m V Ω (1.1) v i = V i V Ω = 1 -v m (1.2)
When the RVE boundaries are subjected to stress or strain, the macroscopic or average stress (Σ) and strain (E) tensors can be obtained from those of the matrix (Σ m , E m ,) and inclusions (Σ i , E i ,) using the role of mixtures according to [START_REF] Gerdeen | Engineering design with polymers and composites[END_REF][START_REF] Aboudi | Micromechanics of Composite Materials[END_REF]:

Σ = v m Σ m + v i Σ i (1.3) E = v m E m + v i E i (1.4) with Σ m = C m : E m (1.5) Σ i = C i : E i (1.6)
and the inverses are:

E m = S m : Σ m (1.7) E i = S i : Σ i (1.8)
Where C i and C m are the 4 th order stiffness tensor of the inclusions and the matrix, respectively.

S i and S m are the 4 th order compliance tensor of the inclusions and the matrix, respectively.

Using Eq. 1.5 and 1.6, Eq. 1.3 can be written as:

Σ = v m C m : E m + v i C i : E i (1.9)
Combining Eq. 1.7 and 1.8 with Eq. 1.4 yields:

E = v m S m : Σ m + v i S i : Σ i (1.10)
The macroscopic strains of the matrix and inclusions can be written in terms of the macroscopic strains of the RVE using 4 th order strain concentration tensors A as :

E i = A i : E (1.11) 1. LITERATURE SURVEY E m = A m : E (1.12) and v m A m + v i A i = I (1.13)
Where, I is the 4 th order symmetric identity tensor. Similarly, the macroscopic stresses of the matrix and inclusions can be written in terms of the macroscopic stress of the RVE using 4 th order stress concentration tensors B as :

Σ i = B i : Σ (1.14) Σ m = B m : Σ (1.15) and v m B m + v i B i = I (1.16)
Combining Eq. 1.11 and 1.12 with 1.9 yields:

Σ = C : E (1.17)
Where C denotes the homogeneous stiffness tensor of the heterogeneous material. Now, it can be written as:

C = v m C m : A m + v i C i : A i (1.18)
Using Eq. 1.14 and 1.15 in Eq. 1.10 yields:

E = S : Σ (1.19)
Where S denotes the homogeneous compliance tensor of the heterogeneous material. Now, it can be written as:

S = v m S m : B m + v i S i : B i (1.20)

The classic bounds Voigt and Reuss bounds

The simple bounds of Voigt and Reuss can be used to calculate the elastic properties of linear elastic heterogeneous materials composed of two phases [START_REF] Reuss | Calculation of the flow limits of mixed crystals on the basis of the plasticity of monocrystals[END_REF][START_REF] Voigt | Ueber die Beziehung zwischen den beiden Elasticitätsconstanten isotroper Körper[END_REF]. The Voigt homogenization scheme assumes a uniform strain within the material, while the Reuss homogenization scheme assumes a uniform stress in the material. Under the uniform strain assumption, it follows from Eq. 1.11 and 1.12 that A i = A m = I. The effective stiffness tensor of the material is expressed as: 

C = v m C m + v i C i (1.
S = v m S m + v i S i (1.22)
Eq. 1.22 is known as Reuss bound.

Similarly, the upper bound (+, or Voigt bound) of the effective bulk (k) and shear (G) modulus can be written as:

k + = v i k i + v m k m (1.23) G + = v i G i + v m G m (1.24)
The lower bound (-, or Reuss bound) of the effective bulk (k) and shear (G) modulus can be written as:

1 k -= v i k i + v m k m (1.25) 1 G -= v i G i + v m G m (1.26)
It should be noted that the gap between the Voigt and Reuss bounds is usually large. Moreover, neither uniform strain (Voigt) nor uniform stress (Reuss) assumption are correct. Because the first assumption is such that the tension at phase boundaries is not in equilibrium. The second assumption is such that i and m cannot remain bonded [START_REF] Aboudi | Micromechanics of Composite Materials[END_REF].

Hashin-Shtrikman bounds

Hashin and Shtrikman proposed a more efficient homogenization scheme to predict the homogenized properties of multi phase materials. The method used in this technique is based on solving a problem of inclusions embedded in an infinite homogeneous matrix [START_REF] Hashin | The Elastic Moduli of Heterogeneous Materials[END_REF][START_REF] Hashin | A variational approach to the theory of the elastic behaviour of multiphase materials[END_REF]. As compared to the Voigt and Reuss bounds, the Hashin-Shtrikman bounds are narrower and give more accurate results in the case of particulate composites with perfect bonding. Assuming a particulate material made up of two phases, i and m, and phase i is harder than m, the upper bounds of the effective k and G are given as:

k + = k i + v m 1 km-k i + 3v i 3k i +4G i (1.27) G + = G i + v m 1 Gm-G i + 6v i (k i +2G i ) 5G i (3k i +4G i ) (1.28)
And the lower bounds of the effective k and G are expressed as:

k -= k m + v i 1 k i -km + 3vm 3km+4Gm (1.29) G -= G m + v i 1 G i -Gm + 6vm(km+2Gm) 5Gm(3km+4Gm) (1.30) 1. LITERATURE SURVEY 1.3.1.2 Mori-Tanaka scheme
Mori and Tanaka [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF] proposed an approach for calculating the average stress in the matrix of a composite material containing misfitting reinforcements. This approach was further developed by several authors to estimate the effective stiffness of multi phase composites from the volume fractions, shapes and elastic moduli of the phases [START_REF] Benveniste | A new approach to the application of Mori-Tanaka's theory in composite materials[END_REF][START_REF] Lagoudas | Elastoplastic behavior of metal matrix composites based on incremental plasticity and the Mori-Tanaka averaging scheme[END_REF][START_REF] Desrumaux | Generalised Mori-Tanaka Scheme to Model Anisotropic Damage Using Numerical Eshelby Tensor[END_REF][START_REF] Mercier | Homogenization of elastic-viscoplastic heterogeneous materials: Self-consistent and Mori-Tanaka schemes[END_REF]. The approach is based on Eshelby's solution of an inclusion in infinite matrix. Each phase of the composite is treated as homogeneous.

The macroscopic behavior of the composite material is estimated from the average strain and stress fields of each phase. Assuming a composite material made up of N homogeneous phases, the strain of the s th phase (E s ) can be written in terms of the average macroscopic strain (E) by using a localization tensor (A s ) as:

E s = A s : E (1.31)
The strain localization tensor is given by:

A s = T s : N n=0 v n T n -1 (1.32)
Where v n is the volume fraction of phase n and T s denotes the interaction tensor of s th phase. It is expressed as:

T s = I + S C m : C m -1 : C s -C m -1 (1.33) 
Where I and S C m denote the 4th order symmetric identity tensor and Eshelby tensor that depends on the matrix stiffness tensor (C m ), respectively. The macroscopic elastic stiffness tensor of the composite material is expressed as:

C = N s=0 v s C s : A s = C m + N s=1 v s C s -C m : A s (1.34)
The elastic tensors of the matrix and phases are known, equation 1.34 is explicit. In the case of inelastic phases, the elastic tensors of the matrix and phases are replaced with a tangent tensor using incremental methods [START_REF] Barral | Homogenization using modified Mori-Tanaka and TFA framework for elastoplastic-viscoelastic-viscoplastic composites: Theory and numerical validation[END_REF].

Self-consistent scheme

The self-consistent method assumes that each inclusion in the composite material is isolated and placed in a fictitious homogeneous matrix which has the unknown macroscopic stiffness that is being searched [START_REF] Kröner | Bounds for effective elastic moduli of disordered materials[END_REF][START_REF] Walpole | On the overall elastic moduli of composite materials[END_REF]. Therefore, the homogenization problem can be reduced to the solution of an inclusion (with spherical or ellipsoidal shape) embedded in an infinite effective medium.

Under this assumption, the strain concentration tensor of the s th phase (A s ) is written as [START_REF] Qu | Fundamentals of Micromechanics of Solids[END_REF]:

A s = I + S s C -1 : C s -C -1 (1.35)

Homogenization techniques

The macroscopic elastic tensor (C) of the composite material is expressed as:

C = C m + n s=1 v s C s -C m : A s = C m + n s=1 v s C s -C m : I + S s C -1 : C s -C -1
(1.36) Equation 1.36 is implicit. A well-known method to determine C is to use an iterative approach by initializing (C) through Mori and Tanaka method or Voigt and Reuss bounds [START_REF] Qu | Fundamentals of Micromechanics of Solids[END_REF].

Full field techniques

Although MFTs are easy to solve, they are limited to specific shapes of inclusions (cylindrical and spherical) with low volume fractions. Moreover, they are not able to predict the micro stress and strain fields. Better predictions of the effective properties can be obtained using fully computational approaches. Several computational approaches (such as finite difference, boundary element and finite element analysis) were developed in the last decades, they are able to predict both the effective properties of heterogeneous materials and the micro stress and strain fields. These methods are based on the simulation of a RVE.

Consider a RVE (Ω) with volume V Ω and boundary surface Γ. Let Γ subjected to surface tension T i with normal n j . The equilibrium of Ω can be expressed in terms of the microscopic Cauchy stress tensor as [START_REF] Fung | Classical and computational solid mechanics[END_REF]:

σ ij,j + F i = 0 on V Ω T i = σ ij n j on Γ (1.37)
Where F i are the body forces and σ ij are the components of local Cauchy stress tensor. The macroscopic or volume average 2 nd order stress tensors (Σ) is obtained by integrating the microscopic stress (σ) tensor over the volume of the RVE as [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Iltchev | Computational homogenisation of periodic cellular materials: Application to structural modelling[END_REF][START_REF] Hill | The essential structure of constitutive laws for metal composites and polycrystals[END_REF]:

Σ = 1 V Ω V Ω σdV (1.38)
In previous studies, two main approaches have been used to calculate the macroscopic strain fields [START_REF] Hori | On two micromechanics theories for determining micromacro relations in heterogeneous solids[END_REF][START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Iltchev | Computational homogenisation of periodic cellular materials: Application to structural modelling[END_REF][START_REF] Fritzen | Computational homogenization of elasto-plastic porous metals[END_REF][START_REF] Matsuda | Effects of fiber distribution on elasticviscoplastic behavior of long fiber-reinforced laminates[END_REF][START_REF] Molla | Efficient modeling of metallic interconnects for thermo-mechanical simulation of SOFC stacks: Homogenized behaviors and effect of contact[END_REF][START_REF] Ohno | Homogenized elastic-viscoplastic behavior of plate-fin structures with two pore pressures[END_REF]. The first approach is based on calculating the 2 nd order macroscopic strain tensor, E, by integrating the local strain, ε, over the volume of the RVE according to [START_REF] Hori | On two micromechanics theories for determining micromacro relations in heterogeneous solids[END_REF][START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Fritzen | Computational homogenization of elasto-plastic porous metals[END_REF][START_REF] Matsuda | Effects of fiber distribution on elasticviscoplastic behavior of long fiber-reinforced laminates[END_REF]]:

E = ε = 1 V Ω V Ω εdV (1.39)
In the second approach, the macroscopic elastic strains are calculated from the average change in the displacements of the RVE's corners (i.e. by dividing the change in displacements of the corners by the initial dimensions of the RVE) [START_REF] Iltchev | Computational homogenisation of periodic cellular materials: Application to structural modelling[END_REF][START_REF] Molla | Efficient modeling of metallic interconnects for thermo-mechanical simulation of SOFC stacks: Homogenized behaviors and effect of contact[END_REF][START_REF] Ohno | Homogenized elastic-viscoplastic behavior of plate-fin structures with two pore pressures[END_REF]. If there are neither gaps nor 1. LITERATURE SURVEY cracks in the RVE, as in Fig. 1.4-a , both techniques converge to the same value. However, in the presence of gaps or cracks, the macroscopic elastic strains cannot be computed by integrating the micro (or local) strains over the volume of the RVE (first approach). The presence of gaps within the RVE leads to discontinuous displacement fields (see Fig. 1.4-b), because there is neither viscosity nor rigidity in the volume of the gaps (i.e. local strains within the gaps are unknown) [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Iltchev | Computational homogenisation of periodic cellular materials: Application to structural modelling[END_REF]. According to Hill-Mandell principle, the strain energy density at the microscopic scale must be equal to that at the macroscopic scale [START_REF] Hill | Elastic properties of reinforced solids: Some theoretical principles[END_REF]. In the absence of body forces, Hill-Mandell principle is expressed as [START_REF] Hill | Elastic properties of reinforced solids: Some theoretical principles[END_REF][START_REF] Espadas-Escalante | A study on the influence of boundary conditions in computational homogenization of periodic structures with application to woven composites[END_REF]:

Γ (T i -Σ ij n j ) (u i -E ij X k ) dS = 0 (1.40)
Where Σ ij , X, and E ij are the components of the macroscopic stress tensor, the position vector and components of macroscopic strain tensor, respectively. u i is the displacement of point i at the microscopic level. The contour integration integral emphasizes that the integration is over a closed surface, S. The microscopic displacement can be decomposed into a macroscopic part (U i , due to macroscopic deformation) and a micro fluctuation part ũi , u i = U i + ũi [START_REF] Xia | A unified periodical boundary conditions for representative volume elements of composites and applications[END_REF][START_REF] Henyš | Comparison of current methods for implementing periodic boundary conditions in multi-scale homogenisation[END_REF]. For periodic structures ũi should be periodic at the opposite boundaries, see Fig. 1.5, [START_REF] Espadas-Escalante | A study on the influence of boundary conditions in computational homogenization of periodic structures with application to woven composites[END_REF][START_REF] Omairey | Development of an ABAQUS plugin tool for periodic RVE homogenisation[END_REF]. To satisfy the Hill-Mandell principle (Eq. 1.40), one of the following boundary conditions can be applied to Γ:

• Uniform tension boundary conditions, see Fig. 1.5-a:

T i = Σ ij n j on Γ (1.41)
• Uniform displacement boundary conditions, see Fig. 1.5-b:

u i = E ij X j on Γ (1.42)
• Periodic boundary conditions, see Fig. 1.5-c:

u + i = E ij X + j + ũi on Γ + u - i = E ij X - j + ũi on Γ - (1.43) 
The + andsigns denote the opposite surfaces of Γ. In contrast to uniform displacement and tension boundary conditions, periodic boundary conditions satisfy both boundary displacement periodicity and boundary force periodicity. Moreover, homogeneous boundary conditions are over constrained conditions, violate stress periodicity of the boundaries and, therefore, are not recommended to be used for periodic RVE subjected to shear loading conditions [START_REF] Xia | A unified periodical boundary conditions for representative volume elements of composites and applications[END_REF][START_REF] Omairey | Development of an ABAQUS plugin tool for periodic RVE homogenisation[END_REF].

Experimental and numerical studies of masonry with dry joints

Masonry systems with dry joints (without mortar) are composed of bricks and dry joints. They can be classified into two main categories according to their operating temperature: a) civil structural masonry that normally operates at room temperature or, sometimes, under fire situations, and b) refractory masonry for high temperature industrial applications (> 1000 °C). The main difference between the two categories is the constitutive material of the bricks. In the first category, the bricks are usually made of stones, cooked clay, concrete, etc., while in the second category, bricks are made of refractory ceramics.

In a typical masonry structure with dry joints, bricks with height h b , length l b and depth d b are periodically arranged in running bond texture. Dry joints with initial thickness (g 0 << h b , l b , d b ) are separating the bricks from each other, see Fig. 1.6. Often, these joints are resulting from the surface unevenness, shape and dimensions errors of the bricks during production. However, sometimes, for instance rotary kiln and blast furnace, the joints are designed by attaching cardboard spacers to the bricks during installation to compensate for thermal expansion effects. Two types of joints are defined on the basis of their orientation: bed joints (horizontal joints) and head joints (vertical joints), see Fig. 1.6-b.

Most of previous experimental and numerical studies on mortarless masonry typically focused on civil structural masonry [START_REF] Zahra | Characterisation and strategies for mitigation of the contact surface unevenness in dry-stack masonry[END_REF][START_REF] Bui | Discrete element modelling of the in-plane and out-of-plane behaviour of dry-joint masonry wall constructions[END_REF][START_REF] Chewe Ngapeya | Overcome of bed-joint imperfections and improvement of actual contact in dry-stacked masonry[END_REF][START_REF] Nodargi | A variational-based fixed-point algorithm for the limit analysis of dry-masonry block structures with non-associative Coulomb friction[END_REF][START_REF] Lourenço | Dry joint stone masonry walls subjected to in-plane combined loading[END_REF][START_REF] Thamboo | Development of design methodology for mortarless masonry system: Case study -a resettlement housing colony[END_REF][START_REF] Martínez | Experimental and numerical evaluation of reinforced dry-stacked concrete masonry walls[END_REF][START_REF] Smoljanović | A finite-discrete element model for dry stone masonry structures strengthened with steel clamps and bolts[END_REF][START_REF] Tempesta | Safety evaluation of masonry arches. A numerical procedure based on the thrust line closest to the geometrical axis[END_REF]. The most important findings of these studies are reviewed in sections 1.4.1 and 1.4.2. 

LITERATURE SURVEY

Experimental work

Roughly speaking, previous experimental studies on mortarless masonry can be classified into two main categories depending on the size of specimen and number of bricks used:

• Small scale tests: usually few bricks are used, to measure dry joints thickness and contact area between the adjacent surfaces of the bricks. In addition, to understand the impact of joints, dimensional errors of the bricks and actual contact area on the ultimate compressive strength of a small assembly of bricks. • Full scale tests: wall scale tests, to investigate the impacts of joints, joints closure and reopening on the global behavior of the structure.

Small scale tests

The presence of joints greatly impacts the behavior of mortarless masonry. To investigate this point, Andreev et al. [START_REF] Andreev | Compressive behaviour of dry joints in refractory ceramic masonry[END_REF] performed uniaxial compression tests at room temperature of two types of magnesia carbon cylindrical samples namely: samples with one dry joint and samples without joint, see Fig. 1.7. The height and diameter of the samples without joint were 100 and 50 mm, respectively. The samples with joint were composed of two cylindrical parts, the diameter and height of each part were 50 mm. In both cases, the samples were drilled from 700 × 100 × 120 mm 3 bricks. For the samples with joint, the joints were maintained as the outer surfaces of the brick. As can be seen from Fig. 1.7, the samples with joint showed nonlinear behavior with progressive strain stiffening as compared to samples without joints. The gradual closure of the joint is responsible for the non linearity in the stress-strain curve. It vanishes when joints close (i.e. the two cylindrical parts reach perfect contact).

1.4. Experimental and numerical studies of masonry with dry joints Figure 1.7: Comparisons between stress strain curves of magnesia carbon cylindrical samples without and with dry joints [START_REF] Andreev | Compressive behaviour of dry joints in refractory ceramic masonry[END_REF].

Understanding joints closure behavior can be deepened by using full field measurement techniques such as digital image correlation (DIC) [START_REF] Gasser | Modelling of joint effects on refractory lining behaviour[END_REF]. To investigate the local and global behavior of dry joints, Allaoui et al. [START_REF] Allaoui | Digital image correlation measurements of mortarless joint closure in refractory masonries[END_REF] performed uniaxial compression tests, at room temperature, of stack of two magnesia chromite bricks. The dimensions of each brick were 50×50×120 mm 3 . There were cut from a bigger bricks with dimension errors of ±1 mm, a common value for refractory bricks. DIC was also used to gather more details about the local and global joints behavior, see Fig. 1.8. Their results clearly demonstrated that joints' behavior is heterogeneous, nonlinear and orthotropic. Local joint opening was noticed (during compression) due to rigid body rotation of the upper brick, see Fig. 1.8. In addition, dimension errors of the bricks determine the joint thickness, while surface roughness is a complement. The dimensional errors and surface roughness of the bricks lead to limited contact between the adjacent surfaces of the joints. This, in turn, leads to stress concentration and a decrease in the 1. LITERATURE SURVEY ultimate compressive strength of mortarless masonry. Several experimental studies were carried out to investigate the relationship between actual contact area and load bearing capacity of stack and running bond mortarless masonry systems and to test different strategies for mitigating dimensional errors and surface roughness of the bricks [START_REF] Zahra | Characterisation and strategies for mitigation of the contact surface unevenness in dry-stack masonry[END_REF][START_REF] Chewe Ngapeya | Overcome of bed-joint imperfections and improvement of actual contact in dry-stacked masonry[END_REF][START_REF] Andreev | Compressive behaviour of dry joints in refractory ceramic masonry[END_REF][START_REF] Chewe Ngapeya | Experimental and analytical analysis of the load-bearing capacity Pu of improved dry-stacked masonry[END_REF]. Usually the contact area is measured using carbon paper [START_REF] Ben Ayed | Experimental and numerical study of Interlocking Stabilized Earth Blocks mechanical behavior[END_REF], pressure based sensors [START_REF] Zahra | Characterisation and strategies for mitigation of the contact surface unevenness in dry-stack masonry[END_REF] or contact sensors [START_REF] Chewe Ngapeya | Overcome of bed-joint imperfections and improvement of actual contact in dry-stacked masonry[END_REF].

Chewe Ngapeya and Waldmann [START_REF] Chewe Ngapeya | Overcome of bed-joint imperfections and improvement of actual contact in dry-stacked masonry[END_REF][START_REF] Chewe Ngapeya | Experimental and analytical analysis of the load-bearing capacity Pu of improved dry-stacked masonry[END_REF] performed uniaxial compression tests of a small masonry assembly built up from three civil structural bricks with 500×200×200 mm 3 size, see Fig. 1.9, to study the impact of contact area on the ultimate compressive strength of the masonry. Different contact layers are applied to the bed joint surfaces. Also, received masonry without contact layers were tested as a reference. Summary of the contact layers and resulting contact areas are given in table 1.1. The contact area was measured using contact sensors. From table 1.1, it can be noticed that increasing the contact area from 23 to 98 % resulted in an improvement factor of 1.97 in terms of maximum failure load. Similar results were obtained by Zahra and Dhanasekar [START_REF] Zahra | Characterisation and strategies for mitigation of the contact surface unevenness in dry-stack masonry[END_REF]. As reported by Andreev et al. [START_REF] Andreev | Compressive behaviour of dry joints in refractory ceramic masonry[END_REF] and later by Zahra [START_REF] Zahra | Strategies for Improving the Response of Drystack Masonry to Compression[END_REF], grinding the surfaces of joints is another efficient solution, as it leads to decrease surface unevenness, helping to attain perfect contact and, thus, increases the contact area and load bearing capacity of the structure.

Table 1.1: Summary of the four masonry assemblies tested by Chewe Ngapeya and

Waldmann [START_REF] Chewe Ngapeya | Overcome of bed-joint imperfections and improvement of actual contact in dry-stacked masonry[END_REF]. 1.4. Experimental and numerical studies of masonry with dry joints

Large scale tests

The mechanical behavior of mortarless stone masonry subjected to pre-compression load and in-plane shear has been studied by Lourenço et al. [START_REF] Lourenço | Dry joint stone masonry walls subjected to in-plane combined loading[END_REF] and Silva et al. [START_REF] Silva | Mechanical characterisation of dry-stack masonry made of CEBs stabilised with alkaline activation[END_REF]. An example of the inplane combined loading test setup is shown in Fig. 1.10. The test procedures were as following: first, a pre-compression vertical load was applied to the top stiff beam. Next, the top beam was maintained under force control. Finally, a monotonically increased horizontal displacement was applied to the top beam. The horizontal reaction force and horizontal displacement were recorded.

The main findings of previous combined in-plane loading tests can be summarized as following: [START_REF] Lourenço | Dry joint stone masonry walls subjected to in-plane combined loading[END_REF][START_REF] Silva | Mechanical characterisation of dry-stack masonry made of CEBs stabilised with alkaline activation[END_REF]:

• The shear capacity of the wall increases with the increase of the pre-compression vertical load. • Under low pre-compression loads, the failure mode is usually rocking. On the other hand, under high vertical compression loads, diagonal cracking failure mode was observed. • With the increase of pre-compression load, the horizontal force required to start sliding increases (Coulomb law). • Surface roughness and bricks imperfections impact the normal and shear behaviors of the walls. From the reported results, it can be observed that dry joints impact the shear resistance and failure mode of mortarless masonry. Under low compression loads, joints closure and, therefore, contact areas are small. This promotes low values of the horizontal force required to start sliding. The mechanical behavior of magnesia chromite mortarless refractory masonry subjected to biaxial compression load has been studied by Prietl et al. [START_REF] Prietl | Determination of material-specific parameters of refractory materials and linings under uniaxial and biaxial load conditions for the non-ferrous metal industry -in German[END_REF][START_REF] Prietl | The evaluation of refractory linings thermo-mechanical properties[END_REF][START_REF] Triessnig | Determination of Thermo-Mechanical Properties at the RHI Refractories Technology Center Leoben[END_REF][START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF]. The biaxial compression test setups at room temperature and 1200 °C are shown in Fig. 1.11. The testing procedures were as 1. LITERATURE SURVEY following: first a pre-compression load was applied to the two moving ceramic plates at the same time and then, it was stopped in the direction for which the LVDTs detected a displacement while continuing in the second direction until the LVDTs, in the corresponding direction, detected a displacement. Finally, monotonically increasing loads were applied to both directions at the same time. For the high temperature test, the test field was covered by a heating hood. The temperatures of the top face (hot face) and bottom face (cold face) were measured. During heating, the masonry wall was free to expand. Once the wall reached the thermal steady state, the in-plane biaxial compression load was applied similar to the room temperature test. The temperatures of the hot and cold faces during load application were around 1200 °C and 800 °C, respectively.

The main findings of previous biaxial compression tests are summarized as following:

• The macroscopic mechanical behavior of the wall is orthotropic.

• Under the same applied load and for both room and high temperature tests, the resulting strains in the direction perpendicular to the surfaces of bed joints are higher than that in the direction perpendicular to the surfaces of head joints. • The macroscopic mechanical behavior of the wall is nonlinear due to gradual closure of joints and the increase of the effective stiffness with joints closure. • As compared to the room temperature test and under the same applied load, the strains (and displacements), in the two directions are higher due to the decrease of the material stiffness with increasing the temperature and the viscoplastic behavior of refractories at high temperature. 

Numerical work

Numerical models represent an efficient way to study the mechanical behavior of small and large scale mortarless masonry structures. Several Finite Element (FE) numerical models are available in the literature [START_REF] Zahra | Characterisation and strategies for mitigation of the contact surface unevenness in dry-stack masonry[END_REF][START_REF] Lourenço | Dry joint stone masonry walls subjected to in-plane combined loading[END_REF][START_REF] Andreev | Compressive behaviour of dry joints in refractory ceramic masonry[END_REF][START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF][START_REF] Thanoon | Nonlinear finite element analysis of grouted and ungrouted hollow interlocking mortarless block masonry system[END_REF][START_REF] Thanoon | Finite element analysis of interlocking mortarless hollow block masonry prism[END_REF][START_REF] Chewe Ngapeya | Impact of the height imperfections of masonry blocks on the load bearing capacity of dry-stack masonry walls[END_REF]. The majority of them are based on the micro 1.4. Experimental and numerical studies of masonry with dry joints modeling approach [START_REF] Zahra | Characterisation and strategies for mitigation of the contact surface unevenness in dry-stack masonry[END_REF][START_REF] Lourenço | Dry joint stone masonry walls subjected to in-plane combined loading[END_REF][START_REF] Andreev | Compressive behaviour of dry joints in refractory ceramic masonry[END_REF][START_REF] Thanoon | Nonlinear finite element analysis of grouted and ungrouted hollow interlocking mortarless block masonry system[END_REF][START_REF] Thanoon | Finite element analysis of interlocking mortarless hollow block masonry prism[END_REF][START_REF] Chewe Ngapeya | Impact of the height imperfections of masonry blocks on the load bearing capacity of dry-stack masonry walls[END_REF]. Only one multi scale model of mortarless masonry [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF] can be found in the literature. Also, limit analysis and discrete element modeling of the collapse mechanism of masonry walls subjected to in-plane and out-of-plane loading conditions can be found in the literature [START_REF] Bui | Discrete element modelling of the in-plane and out-of-plane behaviour of dry-joint masonry wall constructions[END_REF][START_REF] Nodargi | A variational-based fixed-point algorithm for the limit analysis of dry-masonry block structures with non-associative Coulomb friction[END_REF][START_REF] Foti | DEM modeling and experimental analysis of the static behavior of a dry-joints masonry cross vaults[END_REF][START_REF] Smoljanović | Numerical analysis of 3D dry-stone masonry structures by combined finite-discrete element method[END_REF][START_REF] Casapulla | In-plane frictional resistances in dry block masonry walls and rocking-sliding failure modes revisited and experimentally validated[END_REF][START_REF] Portioli | Large displacement analysis of dry-jointed masonry structures subjected to settlements using rigid block modelling[END_REF]. FE based models are reviewed below.

Micro modeling

Micro modeling approach provides accurate results as the detailed geometry of the bricks and the joints are separately modeled and, almost, all the information about the masonry components are taken into account. Within the framework of micro modeling, different models were developed. They differ by the constitutive laws used to describe the behavior of dry joints and the physical models of joints. The majority of these models assumed rigid or purely elastic bricks and all material non-linearity is concentrated in the joints.

To investigate the impact of bed joint unevenness on the mechanical behavior of hollow stack concrete bricks, Zahra and Dhanasekar [START_REF] Zahra | Characterisation and strategies for mitigation of the contact surface unevenness in dry-stack masonry[END_REF] developed a 3D-FE model of two hollow concrete bricks. The locations and elevations of the randomly distributed high points were determined experimentally using pressure based sensors, and later implemented in the physical FE model by modifying the mesh (increasing the elevation of some nodes), see Fig. 1.12. It should be noted that the predetermined locations and elevations of the high points is valid only for the current bricks configuration. Changing one of the bricks (or even rotating one brick) would require another experiment. As mentioned in section 1.4.1.1, the local behavior of joints is heterogeneous and complex, due to local joints opening and the aforementioned imperfections. Therefore, the detailed micro models presented above are not efficient (especially from computational point of view due to the level of details). For this reason, recent studies focused on describing the global (or average) behavior of the joints instead of the local behavior. The joints were considered as either an interface with zero thickness [START_REF] Lourenço | Dry joint stone masonry walls subjected to in-plane combined loading[END_REF][START_REF] Thanoon | Nonlinear finite element analysis of grouted and ungrouted hollow interlocking mortarless block masonry system[END_REF][START_REF] Thanoon | Finite element analysis of interlocking mortarless hollow block masonry prism[END_REF] or a thin layer perfectly bonded to the bricks [START_REF] Rekik | Experiments and nonlinear homogenization sustaining mean-field theories for refractory mortarless BIBLIOGRAPHY masonry: The classical secant procedure and its improved variants[END_REF], see Fig. 1.14.

In the case of zero thickness interface, the normal k n, joint and shear k s, joint stiffnesses of the joint are expressed as [START_REF] Lourenço | Dry joint stone masonry walls subjected to in-plane combined loading[END_REF]:

k n, joint = 1 h b 1 E wall -1 E brick (1.44) k s, joint = k n, joint 2(1 + ν) (1.45)
Where h b , E wall and E brick are the bricks height, Young's modulus of the wall and the bricks, respectively. ν is the Poisson's ratio of the bricks. Equations 1.44 and, therefore, 1.45 requires Young's modulus of the wall ( in the loading direction that varies with load level) and does not take into account the strain stiffening behavior due to gradual joints closure. Another equation of k n was introduced by Thanoon et al. [START_REF] Thanoon | Nonlinear finite element analysis of grouted and ungrouted hollow interlocking mortarless block masonry system[END_REF][START_REF] Thanoon | Finite element analysis of interlocking mortarless hollow block masonry prism[END_REF] which is similar to pressureover closure soft contact model in Abaqus [START_REF]ABAQUS/standard: User's Manual[END_REF]:

k n, joint = k ni, joint + Ag B (1.46)
Where k ni, joint and g are the initial stiffness of joints due to initial contact and instantaneous joint thickness (i.e. over-closure in Abaqus), respectively. A and B are constants determined 1.4. Experimental and numerical studies of masonry with dry joints form experiments. Using this equation, accurate predictions of the mechanical behavior of small scale masonry subjected to uniaxial compression were obtained. In the second case, joints are considered as a thin layer perfectly bonded to the bricks, see Fig. 1.14-b [START_REF] Rekik | Experiments and nonlinear homogenization sustaining mean-field theories for refractory mortarless BIBLIOGRAPHY masonry: The classical secant procedure and its improved variants[END_REF]. The global behavior of the joint is determined using the DIC setup presented in Fig. 1.8. It is expressed as:

σ nn (ε nn ) = E j e ε nn + σ 0 ε m 0 nn (1.47)
Where σ nn and ε nn denote the normal stress and strain respectively. E j e , σ 0 and m 0 are constants determined form the experiment. The homogenized mechanical behavior of the RVE was determined using the mechanical homogenization approach described before.

Up to now, the presented micro models considered few bricks and focused on modeling the impact of surface unevenness. Recently, Chewe Ngapeya et al. [START_REF] Chewe Ngapeya | Experimental and analytical analysis of the load-bearing capacity Pu of improved dry-stacked masonry[END_REF][START_REF] Chewe Ngapeya | Impact of the height imperfections of masonry blocks on the load bearing capacity of dry-stack masonry walls[END_REF] developed a FE micro model to investigate the impact of dimensional errors of the bricks on the load bearing capacity of concrete masonry, see Fig. 1.15. As can be seen from the figure, bricks with ±2 mm dimension errors are arranged in a running bond texture. Their results indicated that dimensional errors (∆) lead to stress concentrations near head joints and decrease the load bearing capacity of the wall.

The micro FEM approach is only suitable for modeling few bricks and joints. Because considering all the bricks and joints of a wall (hundreds of bricks) leads rapidly to high computational costs and many solution convergence problems.

Multi scale modeling

Multi scale modeling splits the structural problem into two scales: a homogeneous equivalent medium studied at the macroscopic scale with homogeneous properties determined by homogenizing the microscopic stress and strain fields in a carefully selected RVE (microscopic scale). [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF] can be used to simulate large scale structures, such as steel ladles and furnaces, with reasonable computational costs.

LITERATURE SURVEY

Experimental and numerical studies of masonry with mortar joints

Masonry systems with mortar joints are composed of units, mortar joints and unit/mortar interface. The latter represents the interaction behavior between the units and the mortar joints. They can be classified into two main categories according to their operating temperature: a) civil structural masonry that normally operates at room temperature or sometimes under fire situations and b) refractory masonry for high temperature industrial applications (> 1000 °C). The main differences between the two categories are the constitutive material of the units and the mortar. In the first category, units can be blocks, irregular stones, bricks, adobes, ashlars and others.

Mortar can be bitumen, clay, chalk, cement-based, lime, glue, or others. Several arrangements of the units and joints can be found depending on the stretcher and header arrangements, see Fig. 1.17. In the second category, units and mortar are made of refractory based materials and, usually, arranged in running bond texture, see Figs. 1.17. Most of previous experimental and numerical studies on masonry with mortar joints focused on the civil structural category. The most important findings of these studies are reviewed in sections 1.5.1 and 1.5.2 

Brick-mortar interface

The brick-mortar interface is considered as the weakest link in the structure and it can fail under tensile or shear loads. Therefore, its behavior is widely investigated to obtain its failure criteria in terms of ultimate tensile strength, cohesion, friction angle and others.

LITERATURE SURVEY

Tensile failure of the brick-mortar interface is one of the major reasons of collapse of masonry structures. Usually, the tensile strength of masonry is considered as that of the interface. Different test setups were developed to characterize the ultimate tensile strength of the brick/mortar interface such as direct tensile, wedge splitting and bending tests. A schematic of room temperature direct tensile tests, on calcium silicate and solid clay small masonry units in combination with different types of mortars, carried out by Van der Pluijm is shown in Fig. 1.18-a [START_REF] Van Der Pluijm | Non-linear behaviour of masonry under tension[END_REF][START_REF] Van Der Pluijm | Shear behaviour of bed joints[END_REF]. Brulin et al. [START_REF] Brulin | Methodology for brick/mortar interface strength characterization at high temperature[END_REF] developed a test setup to characterize the strength of brick-mortar interface at high temperature. The specimens of these tests are shown in Fig. 1.19-a. These specimens were placed inside a furnace to be heated up to the required temperature and, then, tested.

Shear failure of brick-mortar interface is another major collapse mechanism of masonry systems. Usually, shear loads are combined with compression or tensile loads. Therefore, in experimental investigations, pure shear modes were changed either to shear-tension or shearcompression modes. The main challenge in performing shear tests is to maintain a uniform stress state in the mortar joints. Several studies were carried out to develop test setups and to characterize the shear behavior of brick mortar interface at room and high temperatures [START_REF] Van Der Pluijm | Non-linear behaviour of masonry under tension[END_REF][START_REF] Van Der Pluijm | Shear behaviour of bed joints[END_REF][START_REF] Brulin | Methodology for brick/mortar interface strength characterization at high temperature[END_REF][START_REF] Atkinson | Response of Masonry Bed Joints in Direct Shear[END_REF][START_REF] Van Zijl | Modeling Masonry Shear-Compression: Role of Dilatancy Highlighted[END_REF][START_REF] Fouchal | Contribution to the modelling of interfaces in masonry construction[END_REF][START_REF] Lourenço | Shear testing of stack bonded masonry[END_REF][START_REF] Alecci | Shear strength of brick masonry walls assembled with different types of mortar[END_REF]. Van der Pluijm [START_REF] Van Der Pluijm | Shear behaviour of bed joints[END_REF] introduced the compression-shear test setup presented in Fig. 1 

Small scale tests

Several tests were carried out on small assembly of civil structural masonry to characterize its mechanical behavior and/or failure patterns [START_REF] Drysdale | Tensile Strength of Concrete Masonry[END_REF][START_REF] Backes | Tensile strength of masonry[END_REF][START_REF] Page | The strength of brick masonry under biaxial tension-compression[END_REF][START_REF] Page | The biaxial compressive strength of brick masonry[END_REF][START_REF] Kaushik | Stress-Strain Characteristics of Clay Brick Masonry under Uniaxial Compression[END_REF][START_REF] Binda | Problemi di misura dei parametri meccanici della muratura e dei suoi componenti[END_REF]. These tests include uniaxial tensile tests, uniaxial compression tests and biaxial compression tests. The tensile strength of masonry depends on the mechanical properties of the bricks, mortar and brick-mortar interface and on the applied load orientation with respect to bed joints. Previous experimental studies reported that:

• For strong bricks, weak interface, and tensile loads normal to bed joints, the tensile strength of the masonry is considered as that of the interface and cracks pass through bed joints or bed interface [START_REF] Drysdale | Tensile Strength of Concrete Masonry[END_REF]. • For weak bricks, strong interface, and tensile loads normal to bed joints, separate experimental tests are required as cracks initiation and propagation are noticed in the bricks [START_REF] Drysdale | Tensile Strength of Concrete Masonry[END_REF]. • For strong bricks, weak interface, and tensile loads normal to head joints, cracks initiation and propagation are in head joints [START_REF] Backes | Tensile strength of masonry[END_REF]. • For weak bricks, strong interface, and tensile loads normal to head joints, cracks initiation and propagation are noticed in head joints and the center of the bricks [START_REF] Backes | Tensile strength of masonry[END_REF]. Page [START_REF] Page | The strength of brick masonry under biaxial tension-compression[END_REF] performed experimental tests of small assembly of solid clay masonry subjected to uniaxial tensile loads with different angles θ from the bed joint surface, see Fig. 1.20. It can be seen that the experimental crack pattern depends on the angle of the applied tensile load. For angles between 0°and 22.5°separation along head joints can be observed. For angles between 67.5°and 90°debonding along bed joints appeared. Finally for tensile loads oriented 45°, combination of bed and head interface failure was noticed, see Fig. 1.20.

The compressive strength of masonry in the direction normal to bed joints is considered as one of the most relevant properties. It depends on the mechanical properties of the bricks and the mortar. Previous experimental studies showed that for strong bricks and weak mortar, the compressive strength of the masonry is in between that of the mortar and the brick [START_REF] Binda | Problemi di misura dei parametri meccanici della muratura e dei suoi componenti[END_REF], see Fig. 1.21-a. On the other hand, for strong brick and mortar, the compressive strength of the masonry is below that of the mortar and the brick [START_REF] Kaushik | Stress-Strain Characteristics of Clay Brick Masonry under Uniaxial Compression[END_REF], see Fig. 1.21-b.

Page [START_REF] Page | The strength of brick masonry under biaxial tension-compression[END_REF][START_REF] Page | The biaxial compressive strength of brick masonry[END_REF] performed experimental tests of small assemblage solid clay masonry subjected to uniaxial compression loads with different angles θ from the bed joint surface, see Fig. 1.22. It can be seen that the experimental crack pattern depends on the angle of the applied compression load. For angles between 0°and 22.5°separation along head joints can be observed. For angles between 45°and 67°debonding along bed and head joints as well as cracks through the bricks 1. LITERATURE SURVEY 

Experimental and numerical studies of masonry with mortar joints

To fully characterize the mechanical behavior and failure envelope of solid clay masonry, Page [START_REF] Page | The strength of brick masonry under biaxial tension-compression[END_REF][START_REF] Page | The biaxial compressive strength of brick masonry[END_REF] carried out 360 biaxial compression tests of a square small assembly of solid clay masonry. The schematic of the test setup and an example of the failure envelope are shown in Fig. 1.23. The biaxial load orientations with respect to bed joints were varied (as in uniaxial tests). There results clearly indicated that the masonry has orthotropic behavior with higher strength in the direction normal to bed joints (higher as compared to direction parallel to bed joints). Moreover, the highest resistance was observed for biaxial compression loads. 

Large scale tests

Traditionally, experimental results of two large scale tests of masonry walls are widely used by the masonry community for the calibration of numerical models. The two tests are: pre-compression load and in-plane shear tests of masonry walls performed by Raijmakers and Vermeltfoort [11] and bending tests (also called deep beam tests) carried out by Page [12]. Both experimental tests are carried at room temperature.

Schematic of the masonry wall with mortar joints subjected to uniaxial pre-compression and in-plane shear loading are depicted in Fig. 1.24 [11]. Solid clay bricks with length of 210 mm, height of 100 mm and depth of 52 mm are periodically arranged in a running bond texture. The thickness of the mortar joints is 10 mm. The size of the wall is 1000 × 990 × 52 mm 3 and it is made up of 18 courses, 16 of them are active and 2 are fixed to the stiff steel beams (the 2 courses in contact with the steel beams, the top and bottom ones, see Fig. 1.24). The testing procedures were as following: first, a pre-compression vertical load was applied to the steel beam. Then, the top steel beam has been kept under displacement control and no vertical movements were allowed. Finally, a monotonically increasing horizontal load was applied to the top right surface 1. LITERATURE SURVEY of the steel beam. The force-displacement relationship and the crack pattern were recorded. The results of these tests are presented later in chapter 4. 

.2.1 Micro modeling

In the micro modeling approach, the bricks, mortar joints and interface are modeled separately. Therefore, the computational size of the problem is high. This represents the main drawback of the micro modeling approach. In previous studies, different constitutive laws were proposed for modeling masonry constitutes [START_REF] Lourenço | Shear testing of stack bonded masonry[END_REF][START_REF] Oliveira | Implementation and validation of a constitutive model for the cyclic behaviour of interface elements[END_REF][START_REF] Lourenço | Multisurface Interface Model for Analysis of Masonry Structures[END_REF][START_REF] Silva | Derivation of the out-of-plane behaviour of masonry through homogenization strategies: Micro-scale level[END_REF][START_REF] Minga | A 3D mesoscale damage-plasticity approach for masonry structures under cyclic loading[END_REF][START_REF] Shadlou | Micromechanical modelling of mortar joints and brick-mortar interfaces in masonry Structures: A review of recent developments[END_REF][START_REF] Deng | Experimental and numerical evaluation of confined masonry walls retrofitted with engineered cementitious composites[END_REF][START_REF] Kumar | New Constitutive Model for Interface Elements in Finite-Element Modeling of Masonry[END_REF]. They can be summarized as:

• Constitutive laws for the brick: 1. Rigid. 2. Deformable with linear response.

3. Deformable with nonlinear response (damage). • Constitutive laws for the mortar:

1. Continuum material or interface with linear response. The most widely used interface constitutive model is the so called "multi-surface plasticity", proposed by Lourenço and Rots [START_REF] Lourenço | Multisurface Interface Model for Analysis of Masonry Structures[END_REF], see Fig. 1.27-a. They assumed that the out of plane normal stress and shear strain components are negligible. Also, the out of plane displacement is constant through the thickness of the masonry following a plane-stress condition. Under these assumptions, the authors proposed a composite yield surface to simulate the tensile and shear failure of mortar joints and crushing of units under high compression stresses. The 3D version of this interface model is shown in Fig. 1.27-b [START_REF] Van Zijl | Computational Modelling of Masonry Creep and Shrinkage[END_REF][START_REF] Aref | A three-dimensional cyclic meso-scale numerical procedure for simulation of unreinforced masonry structures[END_REF]. It takes into account the impacts of 3D stresses and the presence of vertical joints in the depth of the wall, in the case of Flemish and English bond masonry, see Fig. 1.17. 

LITERATURE SURVEY

Macro modeling

To reduce the computational burden and be able to model large scale structures, several macro models were developed in the literature [START_REF] Lourenço | Multisurface Interface Model for Analysis of Masonry Structures[END_REF][START_REF] Addessi | A plastic nonlocal damage model[END_REF][START_REF] Addessi | A kinematic enriched plane state formulation for the analysis of masonry panels[END_REF][START_REF] Pelà | An orthotropic damage model for the analysis of masonry structures[END_REF][START_REF] Toti | Nonlocal damage propagation in the dynamics of masonry elements[END_REF][START_REF] Tesei | A unilateral nonlocal tensile damage model for masonry structures[END_REF]. In the macro modeling approach, the masonry is represented as either isotropic or orthotropic continuum medium. Therefore, the constituent materials of the bricks and joints are no longer distinguishable. The major benefit of macro models is the acceptable computational time. The mechanical properties of the continuum medium is usually determined by experimental tests on small assemblage or wall scales as described in section 1.5.1.2. The main drawback of this approach is the high number of tests required to characterize the masonry structure. Several material models have been used to predict the mechanical behavior of large scale masonry structures using macro modeling approach [START_REF] Lourenço | Multisurface Interface Model for Analysis of Masonry Structures[END_REF][START_REF] Addessi | A plastic nonlocal damage model[END_REF][START_REF] Addessi | A kinematic enriched plane state formulation for the analysis of masonry panels[END_REF][START_REF] Pelà | An orthotropic damage model for the analysis of masonry structures[END_REF][START_REF] Toti | Nonlocal damage propagation in the dynamics of masonry elements[END_REF][START_REF] Tesei | A unilateral nonlocal tensile damage model for masonry structures[END_REF]. For example, Valente and Milani [START_REF] Valente | Non-linear dynamic and static analyses on eight historical masonry towers in the North-East of Italy[END_REF] employed the Concrete Damage Plasticity (CDP) model to investigate the mechanical behavior of historical masonry towers. The CDP model was originally developed by Lubliner et al. [START_REF] Lubliner | A plastic-damage model for concrete[END_REF] for concrete structures, but it gives satisfactory results for masonry as well. As the tensile strength of masonry is far below the compression strength, Lee and Fenves [START_REF] Lee | Plastic-Damage Model for Cyclic Loading of Concrete Structures[END_REF], proposed an asymmetric damage model to take into account the asymmetric damage of the material. The compression and tension damage responses are combined by using a weighting factor. Based on the theory of plasticity, Lourenço et al. [START_REF] Lourenço | Multisurface Interface Model for Analysis of Masonry Structures[END_REF] proposed a constitutive macro model for the masonry. Rankine and Hill criteria were used to simulate the compressive and tensile behavior.

Models based on the state of joints

As the brick-mortar interface is generally the weakest link in the structure and it can be damaged or undamaged, some authors developed numerical models based on the damage state of bed and head joints. The first model was proposed by Luciano and Sacco [START_REF] Luciano | Homogenization technique and damage model for old masonry material[END_REF][START_REF] Luciano | A damage model for masonry structures[END_REF], see Fig. 1.28. The authors defined 8 joint states of the masonry based on weather the vertical and horizontal mortar joint is damaged or not. Then, the equivalent homogeneous elastic properties of each joint state 1.6. Numerical modeling of steel ladle was determined using FE-based homogenization approach.

Using the periodic unit cell symmetry of Luciano and Sacco model, Landreau [START_REF] Landreau | Modélisation thermomécanique d'un piédroit de four à coke -in French[END_REF], and later Brulin [START_REF] Brulin | Modélisation thermomécanique d'un creuset de haut fourneau -in French[END_REF], proposed to reduce the number of joint states from 8 to 4. As can be seen in Figs. 1.28 and 1.29, states S3, S4, S5 and S7 of Luciano and Sacco model are deleted. The effective elastic behavior of each state is determined using FE-based homogenization. The joints opening and transition criteria from one state to another were written in terms of Mohr-Coulomb friction (for shear failure) and tension cut off (for tensile failure). The developed model was used to simulate large scale industrial structures such as coke ovens and blast furnaces [START_REF] Landreau | Modélisation thermomécanique d'un piédroit de four à coke -in French[END_REF][START_REF] Brulin | Modélisation thermomécanique d'un creuset de haut fourneau -in French[END_REF]. 

Numerical modeling of steel ladle

Steel ladles are industrial vessels that are used in the steel industry for liquid steel transportation and refinement. Normal operating conditions of steel ladles include high operating temperatures (around 1700 • C), high thermal stresses, slag corrosion, and degradation of layers in contact with liquid steel. To withstand these severe operating conditions, the steel ladle design is based on the concept of multi-layer design. Each layer has unique thermal, mechanical, physical, and 1. LITERATURE SURVEY chemical properties. The most critical layer in the steel ladle is the working lining, layer in contact with liquid steel, as its temperature values are the highest within the ladle. In addition, this layer is usually subjected to thermal shock and severe chemical environments, leading to thermomechanical degradation [9,[START_REF] Fruhstorfer | Erosion and corrosion of alumina refractory by ingot casting steels[END_REF][START_REF] Andreev | Role of fatigue in damage development of refractories under thermal shock loads of different intensity[END_REF][START_REF] Chen | Corrosion and penetration behaviors of slag/steel on the corroded interfaces of Al2O3-C refractories: Role of Ti3AlC2[END_REF][START_REF] Dai | Corrosion mechanism and protection of BOF refractory for high silicon hot metal steelmaking process[END_REF][START_REF] Zou | Slag corrosion-resistance mechanism of lightweight magnesia-based refractories under a static magnetic field[END_REF]. Working linings could be made of refractory masonry with dry joints or castables.

The design and optimization of steel ladles require accurate thermal and mechanical numerical models with proper boundary conditions and solution domains. Most of previous studies typically focused on studying the thermal and heat transfer behavior of steel ladles during the steel making process. For instance, Xia and Ahokainen [START_REF] Xia | Transient flow and heat transfer in a Steelmaking ladle during the holding period[END_REF] numerically analyzed the impact of preheating temperature and slag heat losses on thermal stratification in a steel ladle during the holding step. Similarly, Glaser et al. [START_REF] Gasser | Influence of different masonry designs of bottom linings[END_REF] developed a 2D axisymmetric numerical model to investigate heat transfer behavior and heat losses during the liquid steel teeming step. Recently, Santos et al. [START_REF] Santos | Enhanced numerical tool to evaluate steel ladle thermal losses[END_REF] presented a 2D axisymmetric transient thermal numerical model to investigate the impact of lining design on the transient thermal behavior and energy consumption of a steel ladle during preheating, holding liquid steel, and being empty.

With regard to the thermomechanical modeling of steel ladles, few studies have been carried out. Considering all the bricks and joints of the working lining, as well as the contact between them, leads to an increase in the computational time and cost. Furthermore, a converged solution of the computations is not guaranteed. For these reasons, a number of authors have neglected the presence of joints [START_REF] Yilmaz | Thermomechanical Modelling for Refractory Lining of a Steel Ladle Lifted by Crane[END_REF], while others have considered only few bricks and joints between them [START_REF] Hou | A Method for Steel Ladle Lining Optimization Applying Thermomechanical Modeling and Taguchi Approaches[END_REF]. For example, Yilmaz [START_REF] Yilmaz | Thermomechanical Modelling for Refractory Lining of a Steel Ladle Lifted by Crane[END_REF] used a 2D steady-state axisymmetric finite element simulation to investigate the thermomechanical response of a ladle. The presence of joints within the working lining and bottom has been neglected and all lining layers have been considered isotropic. Aidong et al. [START_REF] Hou | A Method for Steel Ladle Lining Optimization Applying Thermomechanical Modeling and Taguchi Approaches[END_REF] investigated the influence of material properties and lining thickness 1.7. Conclusion on the thermomechanical behavior of the slag zone using 2D transient finite element analysis of few bricks in the slag line zone and Taguchi method. Due to the selected 2D solution domain, only one head joint with 0.4 mm thickness has been considered while bed joints have been neglected.

A reasonable approach to consider the presence of joints and their impact on the thermomechanical response of mortarless masonry without increasing computation costs is to replace the bricks and joints by an equivalent material. Gasser et al. [START_REF] Gasser | Influence of different masonry designs of bottom linings[END_REF] used the multi scale model of Nguyen et al. [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF] and developed steady-state 3D finite element models of a steel ladle to investigate the influence of bottom design (radial, parallel, and fish bone designs) and joint thickness on the resulting thermomechanical stresses. Joints in the ladle bottom have been considered, whereas joints in the ladle wall have not been taken into account. Their results indicate that using a radial design of the ladle bottom results in lower values of the von Mises stress in the steel shell as compared to parallel and fish bone designs. In addition, von Mises stresses in the steel shell decrease with the increase in joint thickness. Similar model was developed by Gasser et al. [START_REF] Gasser | Thermomechanical Modelling of a Steel Ladle Using Periodical Homogenisation for the Refractory Masonries[END_REF] to investigate the impact of joint thickness on the resulting steady state thermomechanical stresses. Their results indicated that increasing joint thickness leads to a reduction in resulting thermomechanical stresses.

Conclusion

In this chapter, the state of the art of mechanical homogenization of heterogeneous solids as well as experimental and numerical studies of masonry with dry and mortar joints are reviewed. Details about the different homogenization techniques of heterogeneous solids were presented. The capabilities and limitations of the different modeling techniques of masonry with dry and mortar joints as well as steel ladles were discussed. The previous experimental studies of masonry with dry and mortar joints were introduced. The above review of experimental and numerical studies of refractory masonry with dry and mortar joints as well as numerical studies of steel ladles shows that:

• Only two large scale tests of refractory masonry walls subjected to biaxial compression at room and high temperature exist. The behavior of refractory masonry walls under different loading conditions at room temperature and their thermomechanical behavior when subjected to different thermomechanical loads are still needed to be investigated experimentally. • Previous numerical studies on masonry with dry joints focused on civil structure masonry using micro FE approach and considered elastic behavior of the bricks. However, these models are not suitable to model large sized structures such as steel ladles and furnaces due to high computational costs. In addition, only one multi scale numerical model has been developed in the literature and it is suitable to simulate only the elastic or thermo-elastic behavior of the masonry. This multi scale model needs further developments to increase 1. LITERATURE SURVEY it's accuracy and to take into account the viscoplastic behavior of refractories at high temperature. • Previous numerical studies on masonry with mortar joints focused on civil structure masonry and considered elastic bricks and damageable joints. However, these models are not suitable to predict the mechanical behavior of refractory masonry with mortar joints. Because at high temperature, refractory masonry with mortar joints has orthotropic elastic-viscoplastic damageable behavior. • Previous numerical studies of steel ladles focused on their steady-state thermomechanical behavior and did not show their transient nonlinear thermo-mechanical response during a complete thermal cycle of the steel-making process. In most cases, either a simple 2D cut of few bricks is used as a physical model or the joints were neglected and the linings are represented by isotropic homogeneous material. In all cases, the mechanical behavior of the linings was linear. Therefore, advanced numerical models of steel ladle are still required.

CHAPTER 2

EXPERIMENTAL CHARACTERIZATION OF REFRACTORY MASONRY WITH DRY JOINTS

This chapter is devoted to experimental characterization of refractory masonry walls subjected to uniaxial and biaxial compression loads at room and high temperature. Within the framework of ATHOR project, two large scale experimental campaigns were performed1 . The first experimental campaign was performed at University of Coimbra -Portugal and the second experimental campaign was carried out at RHI Magnesita company, Leoben -Austria. In section 2.1 the studied materials, their mechanical and thermo physical properties are introduced. Detailed descriptions of the uniaxial compression test setup at University of Coimbra, displacement and temperature measurement techniques, specimens, results and discussions of masonry walls subjected to uniaxial compression at room and high temperature are given in section 2.2. Detailed descriptions of the biaxial compression test setup at RHI Magnesita, measurement techniques, tested specimens, results and discussions of masonry walls subjected to a wide range of thermomechanical loading conditions are presented in section 2.3. Finally, the conclusions of the present chapter are given in section 2.4.

Materials

Refractory masonry walls built up with alumina spinel cuboid bricks are tested in the present work. The working lining of the steel ladle is built up from thousands of tapered shape bricks arranged in a running bond texture. However, for the sake of simplicity, while building the walls, new cuboid bricks are used in the two experimental campaigns. The bricks were produced by RHI Magnesita company. They have been fully characterized within the cooperative framework The values of Young's modulus measured using mechanical tests are preferred and will be used later in the present work while developing the numerical models (for room temperature and due to lack of data, the value measured using acoustic emissions was used). The mechanical tests of Young's modulus were carried out by RHI Magnesita company. The creep behavior of the material was characterized within the framework of ATHOR project. The creep parameters were 2.1. Materials identified by Samadi et al. [10] and Teixeira et al. [START_REF] Teixeira | Experimental Investigation of the Tension and Compression Creep Behavior of Alumina-Spinel Refractories at High Temperatures[END_REF] at three different temperatures namely: 1300 °C, 1400 °C and 1500 °C . They are reported in table 2.1 (A, n and m are the constants of power law creep equation [START_REF]ABAQUS/standard: User's Manual[END_REF]). To verify whether creep is significant for temperatures below 1300 °C, four compressive creep tests (at 1200 °C and 1000 °C, each temperature repeated two times) were carried out by RHI Magnesita. The results of these tests are compared with the results of compressive creep tests at higher temperatures [10,[START_REF] Teixeira | Experimental Investigation of the Tension and Compression Creep Behavior of Alumina-Spinel Refractories at High Temperatures[END_REF] in Fig. 2.2. It can be seen that below 1200 °C and for the studied compressive stress level (6 MPa, maximum load used in the large scale creep and relaxation tests reported later in this chapter), the creep of the material is insignificant. However, in the case of steel ladle (as will be presented later in chapter 5), the stress levels are much higher than 6 MPa and the creep impacts could be significant. Therefore, experimental studies to investigate the creep behavior of alumina spinel at lower temperatures and higher stress levels (up to the ultimate compressive stress of the material) are planned to be carried out in the future. Table 2.1: Creep parameters of alumina spinel refractory materials at different temperatures [10,[START_REF] Teixeira | Experimental Investigation of the Tension and Compression Creep Behavior of Alumina-Spinel Refractories at High Temperatures[END_REF]. The masonry walls are built up with half and full cuboid bricks. The dimensions of the full bricks are 150 × 100 × 140 mm 3 (length, height and depth) and the dimensions of the half bricks are 75 × 100 × 140 mm 3 . The dimensional tolerances of the bricks are ± 2 mm in the pressing 2. EXPERIMENTAL CHARACTERIZATION OF REFRACTORY MASONRY WITH DRY JOINTS direction (150 ± 2 mm) and ± 1 mm in directions perpendicular to the pressing direction (100 ± 1 mm and 140 ± 1 mm). The former tolerances are higher as they are affected by the amount of powder material injected in the mold and the applied pressure during the pressing step of refractory bricks production process. The dimensional and shape tolerances of the bricks lead to non uniform joint thickness in the wall and limited initial contact. As can be seen in Fig. 2 
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Uniaxial compression tests 2.2.1 Experimental setup

The experimental setup used to perform uniaxial compression tests of refractory masonry walls at room and high temperature is shown in Figs. 2.4 and 2.5. It is composed of the following:

• Reaction frame built up with two HEB-500 and two HEB-600 steel beams. The reaction frame is fixed to a concrete reaction slab. • Two loading beams, one HEB-240 beam and one composite steel concrete beam.

• Two lateral steel guides to ensure the alignment of the loading beams. They are fixed to the reaction slab. • One hydraulic jack for load application with 3000 kN capacity. The jack is fixed to the reaction frame and controlled by a servo hydraulic central unit. • One load cell for measuring the applied load with 5000 kN maximum capacity. It is fixed between the jack head and the top loading beam. • One 45 KVA electric furnace to heat one face of the masonry wall (high temperature tests only), the other face is exposed to the ambient. • A data recorder for saving the data of the Linear Variable Deferential Transformers (LVDTs) and the thermocouples. 

Displacement measurement

For measuring the in-plane displacement in the direction normal to bed joints, three LVDT were used. The measurement range of the LVDTs is 0 -500 mm with ±0.001 mm. The arrangements of the LVDTs are shown in Fig. 2.6. In addition to the LVDTs, Digital Image Correlation (DIC) technique was used. One 18 mega pixels (5184×3486) camera was used to take pictures of the wall. Black automotive paint was used to generate the speckle pattern. The bricks were laid on horizontal position on the floor and, then, painted using the black automotive paint and an aerographe. Finally, the bricks were left for 48 h to dry. After the tests, an open source software (Ncorr) was used for the DIC analysis [START_REF] Blaber | Ncorr: Open-Source 2D Digital Image Correlation Matlab Software[END_REF].
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Temperature measurement

To measure the temperature of the hot and cold faces of the wall during the high temperature tests, 18 type K thermocouples were used (9 installed in each face). The thermocouples are installed inside the bricks, 10 mm in the depth. The installation procedures of the thermocouples were as following: first, 8 mm diameter and 10 mm depth holes are drilled in the bricks. Next, the thermocouples are placed inside the holes. Finally, the holes are closed with cement and left for 48 h to dry. The arrangements and locations of the thermocouples are shown in Fig. 2.6. 

Specimens

Summary of the performed uniaxial compression tests (in the direction normal to bed joints) of refractory masonry walls at room and high temperature is given in table 2.2. Schematics of the wall dimensions, brick arrangements, locations of the LVDTs and the thermocouples are presented in Fig. 2.6. The walls are built up with full and half alumina spinel refractory bricks arranged in a running bond texture. For all tests, the height and thickness of the wall were 1000 × 140 mm 2 , respectively. For series S01, the width of the wall was 450 mm while, for series S02 the width of the wall was 1350 mm. The main goal of series S01 was to understand the impact of dimension errors of the bricks (major origin of dry joints) on the mechanical response of the wall, its load bearing capacity and ultimate uniaxial compressive strength in the direction normal to bed joints. Therefore, the mechanical load was applied until the failure of the wall. Based on the maximum loading capacity of the hydraulic jack and structural resistance of the reaction frame, a wall with small width (450 mm) was used for this test series. Three specimens were tested at room temperature under the same loading conditions.

Uniaxial compression tests

The testing procedures of series S01 were as following: (i) The speckle pattern was applied to the bricks and then left to dry. (ii) The wall was built inside the testing frame and its vertical and horizontal alignment was verified. (iii) The loading beam was lowered using a crane till it touched the upper surface of the wall. (iv) The LVDTs were connected and calibrated. (v) The camera was placed in front of the wall and its correct alignment was verified. Then, several reference images of the wall were taken. (vi) The load was applied under displacement control (0.01 mm/sec) up to the failure of the wall. The displacement in the direction normal to bed joints and the reaction forces were recorded during the test.

Figure 2.7 shows specimen S01-01 before testing, during failure and after failure. The displacement fields, in the direction normal to bed joints, in S01-01, obtained using DIC, at different load levels are presented in Fig. 2.8. It can be seen that the displacement fields are non uniform due to the dimension errors of the bricks and non flatness of the surface in contact with the loading beam. The displacement of one brick located at the top course of the wall is higher as compared to other bricks in the same row.

Resulting reaction forces, measured by the load cell, variations with the displacements are given in Fig. 2.9-a. The stress -strain diagrams of the three performed tests are given in Fig. 2.9-b. Good agreements between the three tests can be observed. The resulting force displacement diagrams of the walls are nonlinear. A strain (or displacement) stiffening behavior with brittle failure can be observed. The mechanical stiffness of the wall and effective tangent
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Young's modulus increase with the increase of the applied load. This is due to that with the increase of the applied load, dry joints close gradually leading to an increase in the contact area between the bricks and, therefore, an increase in the mechanical stiffness. The values of ultimate compressive strength and effective Young's modulus of the wall (in the loading direction) can be determined from the given stress strain diagrams. Among the three performed tests, the maximum values of ultimate compressive strength and tangent Young's modulus of the wall are 22.4 MPa and 4.6 GPa, respectively. These values are small as compared to the ultimate compressive strength (32 MPa) and Young's modulus (28 GPa) of the brick. This can be attributed to that the dimensional errors of the bricks leads to limited contact between the bricks. In addition, they lead to stress concentration at the middle of the brick (near the vertical head joint). Lower values of Young's modulus of the wall, as compared to that of the brick, indicate that perfect closure of joints was not achieved and some joints were still open even when the wall was loaded up to rupture. This conclusion is based on the fact that, as mentioned in chapter 1, in the case of perfect closure of joints, the value of the Young's modulus of the wall is similar to that of the brick.

Uniaxial compression tests

S02 -uniaxial compression at high temperature

The main objective of series S02 was to understand the thermomechanical behavior of the wall under constant applied stress and large thermal gradients. In addition, it was also performed to understand the contribution of thermal expansion to the closure of dry joints. Therefore, a uniaxial mechanical load was applied at room temperature and kept constant then, the wall was heated. Three specimens were tested under the same thermomechanical loading conditions. The testing procedures of series S02 were as following: the first five steps are similar to S01 then: (vi) The load was applied to the wall under displacement control (0.01 mm/sec) up to 8 MPa. Then, the loading beam was kept under force control. (vii) The furnace was turned on and the wall was heated. The displacements in the direction normal to bed joints, temperatures of the cold and hot faces and the vertical reaction force were recorded.

Time variations of the hot (HF) and cold (CF) faces temperature of S02 and the furnace temperature are given in Fig. 2.10-a. The solid black lines represent the temperatures measured by the thermocouples in different locations of the HF and CF. The furnace was turned on after mechanical load application (for the first 30 minutes, the temperature was equal to 20 °C, ambient temperature). The furnace was programmed to follow the standard heating curve ISO 834-1, (T = 20 + log(8t + 1), T is the temperature in °C and t is the time in minutes). However, due to high heat losses from the CF to the ambient and the high heat capacity of the wall, the furnace could not follow the programmed heating curve. From Fig. 2.10-a it can be seen that the temperature of the top and middle portions of the HF and CF are higher as compared to the bottom portions. In addition, high temperature gradients through the thickness of the wall was 2. EXPERIMENTAL CHARACTERIZATION OF REFRACTORY MASONRY WITH DRY JOINTS observed and the CF temperature started to increase 20 minutes after the furnace was turned on. The reasons for this are that the low thermal conductivity, high thermal capacity of alumina spinel and the heat losses from the CF to the ambient.

Time variations of the displacements, in the direction normal to bed joints, of the loading beam of the three performed tests are given in Fig. 2.10-b. For each test, the vertical displacement is calculated as the average of the three measured displacements by the three LVDTs. Good agreements between the displacements versus time of the three tests can be observed. One can observe that in the first half hour, an average negative displacement of around -3.5 mm was measured by the LVDTs due to uniaxial compression load application (8 MPa). Then, when the furnace was turned on and with the increase of the temperature, the wall started to expand gradually and a steady state increase in the displacement, in the opposite direction, was recorded. At around 4.5 hours, the thermal expansion effects of the wall over passed the impact of mechanical load application and a positive displacement was recorded by the LVDTs. The displacement field in the direction normal to bed joints obtained using DIC in S02-02 by the end of mechanical load application is shown in Fig. 2.11. After turning on the furnace and with the increase of CF temperature, the speckle pattern disappeared (see Fig. 2.12). The automotive paint used to generate the speckle pattern is designed to operate at room temperature only. So, DIC analysis were performed up to the end of mechanical load application. Nonuniform displacement field with higher values near the left side of the wall can be observed. This nonuniform displacement field is caused by the dimension errors of the bricks.

As can be seen in Fig. 2.12, several vertical cracks are observed near the middle of the bricks. A closer look at Fig. 2.13 can explain this phenomena. This image corresponds to the end of the mechanical load application (i.e. maximum load of 8 MPa). It can be observed that due to brick height imperfections, the majority of bed joints between two bricks are almost closed in some 

Biaxial compression tests 2.3.1 Experimental setup

The experimental setup used to perform the biaxial compression tests of refractory masonry walls at room and high temperatures is shown in Fig. 2.14. It is composed of the following:

• The test field where the masonry wall is placed and tested. The size of the test setup is 3 × 3 × 1.6 m 3 . • Eurotherm 5180V 48 channels data recorder for storing the data of the thermocouples, LVDTs and hydraulic cylinders. • Rexroth control unit for controlling the two hydraulic cylinders. Several control programs for the two hydraulic cylinders were written. The control programs were written in NC programming language and compiled thanks to a computer then transferred to the control unit. • Rexroth hydraulic pump to feed the two hydraulic cylinders. Detailed views of the 3D model of the test field at room and high temperature are presented in Figs. 2.15 and 2.16. The biaxial compression test field is composed of the following:

• A steel reaction frame with 3×3×1.6 m 3 size. The reaction frame has high stiffness. Therefore, during testing, the displacements in the frame do not impact the measured displacements in the specimen. • Two hydraulic cylinders with maximum stroke of 90 mm. Each cylinder is equipped with two pressure gauges for measuring the applied forces. The temperatures of the cylinders were monitored during the tests to ensure that their hydraulic oil is operating below the maximum allowable working temperature. The hydraulic cylinders are controlled by the Rexroth control unit. 

Biaxial compression tests

Displacement measurement

For measuring the in-plane displacement of the specimen, four tube in tube and LVDTs devices are used. The tube in tube device is shown in Fig. 2.17 (total length was around 150 cm). It is composed of:

• A LVDT (Fig. 2.17-c) with ± 50 mm measurement range. The LVDT is placed inside a steel tube.

Biaxial compression tests

• A steel tube with two open ends and a grove (Fig. 2.17-b).

• An alumina tube with two open ends (Fig. 2.17-b) glued to the steel tube using high temperature glue. • A long alumina tube with one open end inserted inside the alumina and steel tubes and touching the LVDT tip (Fig. 2.17-b). • A thermocouple inserted inside the long alumina tube. The arrangements of the tube in tube devices depend on the test series and will be shown later. In addition to the tube in tube device, digital image correlation technique was used to measure the full experimental displacement fields (for room temperature tests only). As shown in Fig. 2.18, one 18 mega pixels (5184×3486) camera was used to take pictures of the wall. The camera was controlled using a computer. LED lights were used to enlighten the specimen and to improve the contrast of the taken images. Black automotive paint and a brush were used to generate the speckle pattern. The bricks are laid on horizontal position on the floor and, then, painted using the black automotive paint and the brush. Finally, the bricks were left for 48 h to dry. After the test, an open source software (Ncorr) was used for the DIC analysis [START_REF] Blaber | Ncorr: Open-Source 2D Digital Image Correlation Matlab Software[END_REF].

Temperature measurement

To measure the temperature of the hot and cold faces of the wall, the heating hood, the hydraulic cylinders, the plungers, the steel bottom, several thermocouples were used. They are summarized as following:

• Five type B thermocouples were used to measure the temperature of the cold face of the specimen. The arrangements of these thermocouples are given in Fig. 2.19. • Five type B thermocouples were used to measure the temperature of the hot face of the specimen. Four of them were placed in the tube in tube devices and the other one was in contact with the hot face. • One type S thermocouple was used to measure the temperature of the air inside the heating hood. • Eleven type K thermocouples were used to monitor the temperature of the LVDTs, hydraulic cylinders, steel bottom and steel plungers. 2. [START_REF] Xia | A unified periodical boundary conditions for representative volume elements of composites and applications[END_REF]. In all tests, the specimens are built up with full and half bricks arranged in a running bond texture. The walls dimensions were chosen based on the available space between the moving and fixed plungers and the maximum stroke of the hydraulic cylinders. The main objective of series S03 was to investigate the impact of joints closure and reopening on the mechanical response of the wall when subjected to cyclic loading and unloading at room temperature in the direction normal to bed joints. In addition, to understand the mechanical behavior of the wall when the direction normal to bed joints is loaded while the direction normal to head joints is constrained by the ceramic plungers (i.e. the positions of the plungers were locked). Therefore, a 6 MPa uniaxial compression load was applied to the direction normal to bed joints and the sides of the walls were constrained. As shown in Fig. 2.20-a, three LVDTs were used to measure the displacement in the direction normal to bed joints (the measurement range was 935 mm covering nine bed joints). Also, the displacement fields are measured using DIC. The reaction forces in directions normal to bed and head joints were recorded.
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The testing procedures of series S03 were as following: (i) The speckle pattern was applied to the bricks and then left until it dries. (ii) The wall was built in the testing field. (iii) The LVDTs were connected and calibrated and the camera is placed in front of the wall, its correct alignment was verified. Then, several reference images were taken. (iv) The moving plunger (normal to head joints) was moved until it touched the wall sides. (v) The load in the direction normal to bed joints was applied to the wall under displacement control (0.01 mm/sec). The displacement (in the direction normal to bed joints) and reaction forces (in both directions) were recorded. (vi) After reaching the maximum load (945 kN), a dwell time of around 100 seconds was considered. Then, unloading, under displacement control, was performed.

An example of the resulting reaction forces normal to bed (f bed ) and head (f head ) joints during loading and unloading are given in Fig. 2.24-a. During loading and for the first 100 seconds, f bed increased slightly. Next, f bed rose gradually to reach the pre programmed maximum value of 945 kN. Then, f bed remained constant during a 100 seconds dwell time. This dwell time was important in order to allow the camera to take several images of the wall corresponding to the maximum load level. Finally, the unloading step started and the measured reaction force dropped gradually. With the rise of f bed , an increase in f head was observed. This increase in f head was caused by the constrained expansion of the wall in the direction normal to head joints.

Force displacement diagrams of the two performed tests are shown in Fig. 2.24-b. The displacements are calculated as the average of the three displacements measured by the three LVDTs. Small scattering between the two tests can be observed. The full displacement fields obtained using DIC, in the direction perpendicular to bed joints, of S03-01 at 25 %, 100 % of maximum load level and after unloading are presented in Fig. 2.25. In agreement with S01 and S02, non uniform displacement fields can be seen in the figure. Higher values of the displacement at the right side of the wall can be observed. In addition, after unloading, there was a permanent deformation and the wall did not go back to the initial configuration. This can be attributed to the fact that the final joint thickness after unloading is usually smaller as compared to the initial one. This behavior was also noticed from cyclic loading and unloading of a stack of two bricks (as reported in chapter 1).

During loading, a nonlinear displacement stiffening behavior can be observed (see Fig. 2.24-b). This behavior is caused by the gradual closure of joints and the increase in stiffness with joints closure. Regarding unloading, in the beginning, a huge drop in the reaction force was noticed without any decrease in the displacement. Then, both the displacement and reaction force decreased. The slope of the line during unloading is steeper as compared to that of loading. This behavior may be explained as that the joint behavior during loading is different from the joint behavior during unloading. This can be attributed to that, during the load application step, the asperities and the surface roughness present on the contact surfaces of the bricks have been crushed and/or deformed. Therefore, the joints (after load application step) are not the same as before load application anymore.

S04: uniaxial loading and unloading -normal to head joints at room temperature

With regard to series S04, it was performed to understand the impact of dimension errors of the bricks length on the mechanical response of the wall at room temperature. In addition, to understand the mechanical behavior of the wall when the direction normal to head joints is loaded while the direction normal to bed joints is constrained. Therefore, a 6 MPa uniaxial compression load was applied to the direction normal to head joints and the sides of the walls were constrained. As shown in Fig. 2.20-b, three LVDTs were used to measure the displacement in the direction normal to head joints (the measurement range was 975 mm covering six head joints). Also, the displacement fields were measured using DIC. The reaction forces in directions normal to bed and head joints were recorded. The testing procedures of series S04 were as following: the first three steps are similar to that of S03. Then: (iv) The moving plunger (normal to bed joints) was moved until it touched the wall sides. (v) The load in the direction normal to head joints was applied to the wall under displacement control (0.01 mm/sec). The displacement and reaction forces were recorded. (vi) After reaching the maximum loading capacity of the hydraulic cylinder (924 kN), a dwell time of around 100 seconds was considered. Then, unloading, under displacement control, was performed.

Figure 2.26-a shows an example of time evolution of the resulting reaction forces normal to head (f head ) and bed (f bed ) joints during loading and unloading. As compared to S03, the maximum programmed force (924 kN) was reached in shorter period of time. This can be attributed to that the number of head joints in the wall was smaller than the number of bed joints (7 head joints and 10 bed joints). During the dwell time (around 100 seconds), f head remained constant. This dwell time allowed the camera to take several pictures corresponding to the maximum load level. Finally, the unloading step started and the measured reaction force dropped gradually. With the gradual increase of f head , a rise in f bed was observed due to the constrained expansion of the wall. It should be noted that the value of f bed was smaller as compared to the value of f head in the case of S03. This can be explained by the difference in the number of bed and head joints in the wall. Higher number of joints in the direction normal to the loading directions leads to more space to absorb the lateral expansion of the wall caused by Poisson's effects and, therefore, low values of resulting reaction forces. A nonlinear displacement stiffening behavior during load application, due to gradual closure of head joints, can be noticed from the figure. In comparison to S03, the maximum value of the average displacement measured by the LVDTs is smaller (1.3 mm for S04 and 2 mm for S03), because the number of head joints is less than the number of bed joints. This leads to higher stiffness in the direction normal to head joints as compared to the direction normal to bed joints. In the beginning of unloading, a remarkable decrease in the reaction force was noticed without any decrease in the displacement. Then, both the displacement and reaction force decreased. After unloading, the wall did not go back to the initial configuration and there was permanent deformation caused by joints closure and the decrease of joints thickness as compared to the initial one. Due to some technical issues related to the vibration of the camera holding setup and some rigid body motions, DIC analysis were not successful for this test series.

S05: biaxial loading and unloading at room temperature

With respect to series S05, it was carried out to investigate the mechanical response of the wall under biaxial compression (σ bed /σ head = 1) at room temperature. Therefore, a 6 MPa biaxial compression load was applied to the directions normal to bed and head joints. As, shown in Figs. 2.20-c and 2.21, two LVDTs were used to measure the displacement in each direction (the measurement in direction normal to bed and head joints were 938 mm and 975 mm, respectively, covering 9 bed joints and 6 head joints). Also, the displacement fields were measured using 2. EXPERIMENTAL CHARACTERIZATION OF REFRACTORY MASONRY WITH DRY JOINTS DIC. The reaction forces in directions normal to bed and head joints were recorded. As the wall stiffness in directions normal to bed and head joints is different, several trial tests were performed to determine the optimum parameters of the controllers (speed, acceleration, displacement increment, etc) that maintain (σ bed /σ head = 1) at any time during the load application. These optimum parameters were used for the final tests.

The testing procedures of series S05 were as following: the first three steps are similar to that of S03. Then: (iv) The two moving plungers (normal to head and bed joints) were moved manually until they touched the wall sides (i.e. pre-load). (v) The loads in both directions were applied to the wall under displacement control. The displacements and reaction forces were recorded. (vi) After reaching the maximum loads (945 kN and 924 kN, in directions normal to bed and head joints respectively), a dwell time of around 100 seconds was considered. Then, unloading, under displacement control, was performed. The displacements in each direction are calculated as the average of the two displacements measured by the two LVDTs. Good agreement between the two tests can be observed. During load application step and for both directions, a nonlinear displacement stiffening behavior, due to the gradual increase of stiffness with the gradual closure of joints, was observed. The maximum displacement 2.3. Biaxial compression tests in the direction normal to head joints is smaller as compared to that in the direction normal to bed joints, because the number of head joints is less than the number of bed joints. Moreover, in comparison with the maximum measured displacements in uniaxial tests (series S03 and S04), the maximum values of the average displacements (in both directions) measured in biaxial tests are smaller. Regarding the unloading, a decrease in the reaction force was observed without any decrease in the displacement. Then, both the displacement and reaction force decreased.

The full displacement fields, in the direction normal to head joints, obtained using DIC of S05-02 at 25 % and 100 % of maximum load level and after unloading are presented in Fig. 2.28. The full displacement fields, in the direction normal to bed joints, obtained using DIC of S05-02 at 25 %, 100 % of maximum load level and after unloading are presented in Fig. 2.29. The noise in the images is caused by the alumina tubes used to measure the displacements. Nonuniform displacement fields can be seen in Figs. 2.28 and 2.29. The negative signs in the color map are due to the coordinate system used in DIC analysis. Absolute values should be considered when comparing the two DIC figures with the force displacement diagrams. 

S06: uniaxial creep behavior normal to bed joints -preliminary test

The main goal of series S06, and later S07, was to understand the impact of bed joints (due to dimension errors of the bricks height) and bed joints closure on the nonlinear mechanical response (elastic viscoplastic behavior) of the wall at high temperature. In addition, to understand the creep behavior of the wall when the direction normal to bed joints is loaded (at high temperature) while the direction normal to head joints is constrained. Therefore, a 6 MPa uniaxial compression load was applied to the direction normal to bed joints and the sides of the walls were constrained by the locked plungers. As shown in Fig. 2.22-a, three LVDTs were used to measure the displacement in the direction normal to bed joints (the measurement range was 790 mm covering seven bed joints). This range is less as compared to room temperature tests. This is due to that the LVDTs had to be moved far from the wall, allowing them to operate within their safe operating temperature range. The testing procedures of series S06 and S07 were as following: (i) The wall was built in the testing field and soft insulation (superwool) was placed above the moving and fixed plungers. (ii) The LVDTs and thermocouples were connected, calibrated and the water cooled system of the plungers was turned on. (iii) The heating hood was placed on top of the test field and then, heating started. The temperatures of the cold and hot faces were recorded. (iv) After reaching thermal steady state, the moving plunger (normal to head joints) was moved until it touched the wall. (v) The load in the direction normal to bed joints was applied under displacement control (0.01 mm/sec) till reaching 945 kN. Then the hydraulic cylinder controller was switched to force control. The load has been kept constant during the holding time and, finally, unloading. (vi) During load application, holding and unloading, the displacements of the LVDTs and the reaction forces (in both directions) were recorded.

Test series S06 was the first high temperature test and it includes only one test (S06-01). The main goal of this trial series was to test the high temperature test setup, and to answer several questions related to the thermal performance of the test setup such as:

Biaxial compression tests

• Is the heating power provided by the heating system sufficient to heat the masonry wall up to 1500 °C? • Is the insulation of the system good enough and are the thermal losses reasonable? • Are the LVDTs and the hydraulic jacks operating within the safe temperature range (<40 °C)? Time variations of the wall's cold (CF) and hot (HF) faces temperatures during heating and testing are presented in Fig. 2.30. The five solid black lines in the figure represent the five temperatures measured by the five thermocouples. The temperature of the CF center was higher as compared to the four thermocouples installed near the corners of the wall. It can be seen that the temperature of the hot face did not reach the desired value (1500 °C) due to low heating power provided by the heating system, high heat capacity of wall and the test setup, and high heat losses (from the heating hood to the ambient and the sides of the wall to the water cooled plungers). After 20 h of heating, several changes in the electrical connections of the heating system were carried out to increase the input electric power. However, all the trials were unsuccessful. The sudden drops in the temperature of the HF (after t = 20 h) occurred during the changes of the electrical connections configuration. After this test, the heating elements and electrical connections configurations were adjusted and the insulation was improved. It was possible to reach the target temperature. During the heating step (first 28 hours), the wall was free to expand. Then a uniaxial compression load of 6 MPa (945 kN) was applied in the direction normal to the bed joints while, the direction normal to head joints was constrained by the ceramic plungers. Time variations of resulting reaction forces normal to bed (f bed ) and head (f head ) joints of specimen S06-01 during loading and holding stages are given in Fig. 2.31. During loading, f bed increased gradually to reach the pre programmed maximum value of 945 kN. Then, to investigate the uniaxial creep 2. EXPERIMENTAL CHARACTERIZATION OF REFRACTORY MASONRY WITH DRY JOINTS behavior of the wall in the direction normal to bed joints, f bed was kept almost constant during the holding time. With the rise of f bed , an increase in f head was observed (to around 67 kN). This increase in f head was caused by the constrained expansion of the wall. The value of f head is smaller as compared to that of series S03 due to the decrease of the material stiffness with the temperature increase. The resulting force -displacement diagram as well as the displacement -time diagram during loading and holding steps are given in Fig. 2.32. The average displacement is calculated as the average of the three displacements measured by the three LVDTs. During loading, a nonlinear displacement stiffening behavior can be observed (see Fig. 2.32-a) due to gradual closure of joints. Then, during the holding step, an increase in the displacement can be observed due to creep. The average total strains (ε t ) in the wall can be calculated from the measured displacement (d) and the LVDTs measurement range (i.e. initial length) (L 0 ) as: ε t = d/L 0 . It should be noted that the value of ε t by the end of load application step (0.003) is composed of the strain due to joints closure, elastic and viscoplastic strains of the bricks. This total strain is higher as compared to the total strain of series S03 (0.0024). During the holding step the increase in ε t from 0.003 to 0.0038 was mainly caused by creep.

S07: uniaxial creep behavior normal to bed joints

After adjusting the electrical configurations of the heating system, increasing the input power and improving the insulation of the experimental setup, it was possible to heat the sample to the desired temperature. The defined heating program was as following: from 20 °C to 500 °C in 10 minutes then, from 500 °C to 1500 °C in 10 hours. The fast heating rate in the first 10 minutes was used in order to overcome some electrical technical issues related to the change of electric resistance of the heating elements with temperature. The time variations of cold and The temperature of the CF center was higher as compared to the four thermocouples installed near the corners of the wall. Due to high heat losses from the outer surface of the heating hood the heating system could not follow the programmed heating curve. It took around 28 h to heat the specimen up to around 1500 °C and reach thermal equilibrium. For all other test series presented below, similar temperature distributions were obtained. Therefore, the time variations of the temperature is presented and discussed only here. While heating, the wall was free to expand. Then, a uniaxial compression load of 4 MPa (630 kN) was applied in the direction normal to the bed joints while, the direction normal to head joints was restrained by the plungers. The decrease in f head during the load holding step.

Figure 2.35 presents the resulting force -displacement diagrams and the displacementtime diagrams of the two performed tests during loading, holding and unloading steps. Good agreement between the two tests was observed. A nonlinear displacement stiffening behavior can be observed during the loading step. During the holding step, an increase in the displacement can be observed due to creep. Then, the displacement decreased slightly due to unloading. In addition, after load removal, the recovered strain is very small as compared to the strain due to 2.3. Biaxial compression tests the applied load. This can be attributed to that, first, during unloading, only few joints reopen and their final thickness is very small as compared to the initial joint thickness. More details about this point will be given later in section 2.3.6. Second, the permanent deformation resulting from the viscoplastic behavior of the structure. The noise in the measured force was caused by a problem in the controllers of the hydraulic jacks. By analyzing the displacement -time diagrams, it is possible to observe the primary and secondary creep stages. The ε t in the wall by the end of load application step was around 0.005. This value reached 0.015 by the end of load holding step. The values of ε t are higher as compared to series S06 due to higher bulk temperature of the specimen and, therefore, higher creep rates. 

S08: uniaxial creep behavior normal to head joints

The main goal of series S08 was to understand the impact of head joints and head joints closure on the nonlinear mechanical response (elastic viscoplastic behavior) of the wall at high temperature.

In addition, to understand the creep behavior of the wall when the direction normal to head joints is loaded (at high temperature) while the direction normal to bed joints is constrained. Therefore, a 4 MPa uniaxial compression load was applied to the direction normal to head joints and the sides of the walls were constrained by the locked plungers. As shown in Fig. 2.22-c, three LVDTs were used to measure the displacement in the direction normal to head joints (the measurement range was 785 mm covering 5 head joints). The test procedures of series S08 are similar to that of S07. The major difference between S08 and S07 is that the uniaxial compression load was applied to the direction normal to head joints while the other two sides of the wall were constrained by the ceramic plungers (direction normal to bed joints).
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The time variations of the HF and CF temperatures are similar to those presented in Fig. 2.33. Figure 2.36 shows the time evolution of f head and f bed of specimen S08-01 during loading, holding and unloading steps. The test was performed one time only due to lack of raw materials (bricks). To study the uniaxial creep behavior of the wall in the direction normal to head joints, f head was kept almost constant during the load holding time. As compared to S07, the maximum programmed force (616 kN) was reached in shorter period of time. This can be attributed to that the number of head joints was smaller than the number of bed joints. With the gradual increase of f head , a rise in f bed was observed due to the constrained expansion of the wall. During the holding step, f bed decreased due to the relaxation behavior in the direction normal to bed joints (see Fig. 2.36-b). After 5 hours of holding, it increased slightly due to a problem in the controller of the hydraulic jack. However, this increase did not greatly impact the results of the test. The decrease in f bed during the load holding step.

The resulting force -displacement diagram and the displacement -time diagram, during loading, holding and unloading steps, of the performed test are shown in Fig. 2.37. During the load application step, a nonlinear displacement stiffening behavior, in the direction normal to head joints, can be observed due to the pre-mentioned reasons. During the holding step, an increase in the average displacement can be observed due to creep. After unloading, a slight decrease in the displacement was observed due to reasons mentioned above. From the displacement -time diagram, it is possible to observe the primary and secondary creep stages. The ε t in the wall by the end of load application step was around 0.004. This value is slightly smaller as compared to ε t in the case of S07 (by the end of load application stage) and much higher as compared with series S04. The value of ε t reached 0.014 by the end of load holding step. It should be noted that in case of test series S07 and test series S08, the increase in ε t during the holding time is almost equal. The numerical models, presented later in chapters 3 and 4, shall help in understanding the reasons behind this behavior. 

Biaxial compression tests

S09: biaxial creep behavior

Test series S06, S07 and S08 showed the uniaxial creep behavior of the masonry in the directions normal to bed and head joints. The main objective of test series S09 was to investigate the creep behavior of the wall under in-plane biaxial compression load at high temperature (σ bed /σ head ≈ 1). Therefore, a 4 MPa compression load was applied to both directions normal to bed and head joints. As shown in Figs. 2.22-b and 2.23, two LVDTs were used to measure the displacement in each direction (the measurement ranges were 850 and 785 mm in directions normal to bed and head joints, respectively, covering seven bed joints and five head joints).

The testing procedures of series S09 were as following: the first three steps are similar to that of S07 and S08. Then: (iv) After reaching thermal equilibrium, the two moving plungers (normal to head and bed joints) were moved until they touched the wall. (v) The loads in both directions normal to bed and head joints were applied under displacement control (0.01 mm/sec) till reaching 630 kN and 616 kN (4 MPa) in directions normal to bed and head joints, respectively. Then the two hydraulic cylinders were switched to force control. The loads have been kept constant for 16 hours then, unloading. (vi) During load application, holding and unloading, the displacement of the four LVDTs and reaction forces were recorded. The time variations of the HF and CF temperatures are similar to those presented in Fig. 2.33. Figure 2.38 shows the time variations of f head and f bed specimen S09-02 during loading, holding and unloading. The noise in the measured forces are caused by a problem in the controller of the hydraulic jacks.

Figure 2.39 shows the resulting force -displacement diagrams and the displacement -time diagrams in the directions normal to bed and head joints during loading, holding and unloading steps of the two performed tests. The displacement in each direction was calculated as the average of the two displacements measured by the two LVDTs. Good agreement between the two tests can be observed. During load application step and for both directions, a nonlinear displacement stiffening behavior, due to the gradual increase of stiffness with the gradual closure of joints, was observed. The slight drop in f bed and f head of specimen S09-02 during loading was caused by a problem in the controllers of the two hydraulic jacks. The maximum displacement in the direction normal to bed joints is higher as compared to that in the direction normal to head joints due to the difference between the number of bed and head joints in the wall. Again, after load removal, a slight decrease in the displacement was observed. 

Biaxial compression tests

S10: biaxial relaxation behavior

Up to now, all the high temperature uniaxial and biaxial compression tests were performed to investigate the creep behavior of the walls (constant stress loading conditions). The goal of test series S10 was to investigate the relaxation behavior of the wall (constant strain loading conditions). Therefore, at high temperature and after reaching thermal steady state, a biaxial compression load was applied to both directions normal to bed and head joints. Then, the positions of the moving plungers were locked. The arrangements of the LVDTs and the measurement ranges were similar to those of S09. In general, the testing procedures of series S10 are similar to that of S09. The only difference is that the two hydraulic cylinders were kept under displacement control during holding. Only two biaxial relaxation tests were performed due to lack of time and raw materials (bricks). The time variations of the HF and CF temperatures are similar to those presented in Fig. 2.33. In these tests, two biaxial loading cycles were performed. For the first loading cycle, the wall was loaded up to 4 MPa (in both in-plane directions) and then the ceramic plungers were kept under displacement control for several hours and the resulting reaction forces were measured. Next, the wall was unloaded and loaded directly up to 6 MPa biaxial compression load. Then, the plungers were kept under displacement control for several hours and the reaction forces were recorded. Finally, the wall was unloaded. Figure 2.40 shows the resulting reaction forces in the directions normal to the bed and head joints during the first and second loading cycles. During loading, the resulting reaction forces increased gradually to reach the pre programmed peak load. Then, when the position of the plungers is locked, a decay in the resulting reaction forces was observed due to the relaxation behavior of the wall. In the beginning of the holding stage, a significant decrease in the reaction forces can be observed. Similar behaviors were noticed for both loading cycles. 
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It was not possible to keep the same test procedure for the two performed tests due to restrictions imposed by the Austrian authorities (COVID-19 regulations, curfew) when the second test was performed. For the second test, the holding time of first loading cycle was shorter than that of the first test and the holding time of the second loading cycle was longer than that of the first test. Similar trends during loading, holding and unloading were observed. Due to a problem related to bending of the alumina tubes, during the tests, it was not possible to record the displacements of the LVDTs. Only time variations of the resulting reaction forces were recorded. They are reported in Fig. 2.41. 

Remarks

Conclusion

This chapter gathers a considerable database on the mechanical and thermomechanical characterization of refractory masonry with dry joints. The test setups, measurement techniques,
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specimens, test procedures and results of the two large scale experimental campaigns performed within the framework of ATHOR project were presented. The mechanical and thermomechanical behavior of alumina spinel refractory masonry were investigated for a wide range of loading conditions at room temperature and high temperatures up to 1500 °C. Uniaxial compression tests, in the directions normal to bed and head joints, and biaxial compression tests at room temperature were performed. Uniaxial and biaxial creep tests as well as biaxial relaxation tests were carried out. The results of the tests help in understanding the complex thermomechanical behavior of refractory linings. The impacts of joints, joints closure and reopening, dimensional and shape tolerances of the bricks were investigated. The experimental results clearly demonstrate that the in-plane mechanical behavior of mortarless masonry is orthotropic, highly nonlinear (strain stiffening behavior) and different during loading and unloading. The orthotropic behavior is caused by the difference between the number of bed and head joints. The strain stiffening behavior is caused by the gradual closure of dry joints and the increase of contact area (and effective stiffness with joints closure). The results of these tests are essential for the development, calibration and validation of the multi-scale numerical models presented in chapters 3 and 4.

CHAPTER 3

MULTI-SCALE MODELING OF REFRACTORY MASONRY

In chapter 1, it has been shown that the multi-scale models of masonry appear as a fair compromise between accuracy and computational cost. They can be used to simulate large scale industrial structures such as steel ladles and furnaces. In this chapter, two multi scale numerical models of masonry with mortar and dry joints are proposed. These models are a continuation of previous works carried out at University of Orléans [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF][START_REF] Landreau | Modélisation thermomécanique d'un piédroit de four à coke -in French[END_REF][START_REF] Brulin | Modélisation thermomécanique d'un creuset de haut fourneau -in French[END_REF]. Several changes are introduced to the existing models then, they have been extended to account for the viscoplasticity of refractories at high temperature. As will be shown in section 3.1, the two models are based on defining the so-called "joint patterns". The homogeneous elastic viscoplastic behavior of each pattern is determined using FE-based nonlinear homogenization technique. Details about the homogenization procedures are given in section 3.2. Suitable transition criteria between the four patterns are defined and discussed in section 3.3. The accuracy of the developed elastic viscoplastic multi scale numerical models was evaluated by comparing the numerical results of the detailed micro modeling approach with that of multi scale modeling. These comparisons are presented in section 3.4. The conclusion of this chapter is given in section 3.5.

Possible joint patterns

In an industrial scale steel ladle, different refractory layers are used for the construction of the ladle. Each layer has a specific purpose and has unique thermo-physical and mechanical properties. The different layers include a working lining (layer in contact with liquid steel), a safety lining (also called permanent lining), insulation layers, and a steel shell. The working lining is usually made of refractory masonry with dry joints (in some cases it could be castable). While, the safety lining could be built up with refractory masonry with mortar joints (in some cases it could be castable).
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Masonry with dry joints

The working lining of the considered steel ladle is built up with refractory masonry with dry joints (see Fig. 1.6). The height and diameter of a typical industrial steel ladle are around 5 and 4.5 m, respectively [START_REF] Ali | Transient thermo-mechanical analysis of steel ladle refractory linings using mechanical homogenization approach[END_REF]. The working lining is built up from thousands of tapered shape refractory bricks. However, for the sake of simplicity, cuboid bricks with height (h b ), length (l b ) and depth (d b ) are considered in the present work. The bricks are periodically arranged in running bond texture. Dry joints with initial thickness (g 0 << h b , l b , d b ) are separating the bricks from each other. Often, these joints are resulting from the shape, dimensional tolerances and surface unevenness of the bricks. However sometimes, for instance rotary kiln and blast furnace, the joints are designed by attaching cardboard spacers to the bricks during installation to compensate for thermal expansion effects. Two types of joints are defined on the basis of their orientation: bed joints with initial thickness g 0,bed (horizontal joints in Fig. 1.6-b) and head joints with initial thickness g 0,head (vertical joints in Fig. 1.6-b). As presented in chapter 2, under cyclic loading and unloading, these joints can close and reopen. The mechanical response of masonry with dry joints varies with the closure and reopening of joints. The experimental results presented in chapter 2 show that the effective stiffness of the masonry walls increases with the closure of joints. This phenomenon should be considered when developing thorough numerical models for the simulation of masonry with dry joints.

For the purpose of considering the impact of joints closure and reopening on the homogenized elastic-viscoplastic behavior of the masonry structures, four possible joint patterns are predefined (see Fig. 

Masonry with mortar joints

The safety linings of the studied steel ladle are built up with masonry with mortar joints (see Fig. Under cyclic thermal or mechanical loading and unloading, the mortar joints can open (damaged) due to either deterioration of internal bonds of the mortar material (cracks through mortar joints) or failure of the brick/mortar interface. It should be noted that the mechanical response of masonry structures varies with the damage evolution of the joints (opening of joints). Previous experimental studies show that the stiffness of masonry structures decreases with the opening of joints [11,[START_REF] Aref | A three-dimensional cyclic meso-scale numerical procedure for simulation of unreinforced masonry structures[END_REF][START_REF] Luciano | Homogenization technique and damage model for old masonry material[END_REF]. This phenomenon should be considered when developing thorough numerical models for describing the structural behavior of masonry structures. According to Luciano and Sacco [START_REF] Luciano | Homogenization technique and damage model for old masonry material[END_REF][START_REF] Luciano | A damage model for masonry structures[END_REF], the structural behavior of the masonry can be described by considering two states of the brick/mortar interface (open or closed, i.e. damaged or undamaged). For the purpose of considering the impact of joints opening on the homogenized elastic viscoplastic behavior of masonry structures, four possible joint patterns are predefined (see Fig. 3.3). Each pattern is defined based on the state of both bed and head joints (i.e. undamaged or damaged) and represents a different periodic masonry structure with a different equivalent behavior. The four joint patterns are as follows [START_REF] Brulin | Modélisation thermomécanique d'un creuset de haut fourneau -in French[END_REF]:

1. Pattern AS: All head and bed joints are Safe. 

Periodic nonlinear homogenization

As presented above, the pre-defined possible joint patterns of masonry with mortar or dry joints are periodic. For the two types of masonry, every joint pattern has a different homogeneous elastic viscoplastic behavior that can be determined using FE -based homogenization technique. At high temperature, the behavior of refractories is elastic-viscoplastic [10,[START_REF] Teixeira | Experimental Investigation of the Tension and Compression Creep Behavior of Alumina-Spinel Refractories at High Temperatures[END_REF][START_REF] Blond | Modelling of high temperature asymmetric creep behavior of ceramics[END_REF]. Therefore, the constitutive materials of the bricks (masonry with dry joints) and mortar (masonry with mortar joints) are assumed to undergo small deformations (i.e. the displacement gradients are small, each component is small as compared to unity), and to exhibit an isotropic linear elasticity as well as an isotropic steady state rate-dependent plasticity (secondary creep). Under these assumptions, the total strain second order tensor (ε t ) can be described by the symmetric part of the displacement vector (u) with respect to the position vector (X) of the material point according to:

ε t = 1 2 ∂u ∂X + ∂u ∂X T (3.1)
The total strain tensor can be additively decomposed into elastic (ε e ) and viscoplastic (ε vp ) second order strain tensors according to:

ε t = ε e + ε vp (3.2)
The second order linear elastic strain tensor can be determined using Hooke's law for linear elasticity according to:

ε e = 1 + ν Y σ - ν Y tr(σ)I (3.3)
where ν is the Poisson's ratio and Y is the Young's modulus of the bulk material of the bricks. σ and I refer respectively to the second order local stress tensor and the second order identity tensor.

The steady state viscoplastic strain rate second order tensor ( εvp ) is expressed as [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF]:

εvp = 3 2 A (σ eq ) n-1 σ d (3.4)
where A and n are the creep parameters of the bulk material of the bricks. σ eq and σ d denote the von Mises equivalent stress and the second order deviatoric stress tensor, respectively. The deviatoric stress tensor and von Mises equivalent stress are expressed as [START_REF] Lemaitre | Mechanics of Solid Materials[END_REF]:

σ d = σ - 1 3 tr(σ)I (3.5)
σ eq = 3 2 σ d : σ d (3.6)
The required material parameters of the bricks and the mortar used in this chapter are reported in table 3.1. The dimensions of the brick are: l b = 124 mm, h b = 76 mm, d b = 185 mm. For the sake of simplicity, no strain hardening of the constitutive material of the bricks and the mortar is considered. In addition, symmetric creep behavior is assumed (i.e. creep parameters in tension and compression are equal). Further studies to investigate the impact of creep asymmetry, strain hardening of the material and the creep model (primary or secondary) are planned in the future.

In case of masonry with mortar joints, both the bricks and the mortar are used for the construction of the wall and the creep parameters of the mortar can be different from those of the bricks. However, the thickness of the mortar joints is very small (1 to 2 mm) as compared to the height and length of the bricks. Measuring the creep parameters of the mortar may posses some technical challenges related to sample preparation, testing etc. Therefore, an evaluation of the impact of mortar's creep parameter (A, n) on the homogenized viscoplastic behavior of the structure has been carried out. Three sets of mortar's creep parameters, A and n, are numerically tested namely: (a) A = 2.77 × 10 -8 and n = 2.8 (equal to those of the brick), (b) A = 2 × 10 -14 and n = 0.2 and (c) A = 2 × 10 -5 and n = 4 ( parameters in cases b and c are very different from those of the brick). Comparisons between macroscopic total strains in a unit cell (UC), subjected to constant uniaxial tensile stress of 1.5 MPa along the direction normal to head joints, obtained using the three sets of A and n are shown in Fig. 3.4. It can be seen that the impact of mortar's creep parameters on the macroscopic strain is negligible. This can be attributed to that the thickness of the mortar is very small as compared to the dimensions of the brick. Therefore, in the present study, the creep parameters of the bricks and the mortar are assumed to be equal. 

Nonlinear homogenization of masonry with dry joints 3.2.1.1 Pattern AC

As indicated previously in the case of joint pattern AC, head and bed joints are perfectly closed (see Fig. 3.1). Previous experimental studies have shown that when joints are closed, the mechanical behavior of the masonry is similar to the mechanical behavior of the base material of the bricks. Thus, the macroscopic elastic-viscoplastic behavior of pattern AC is isotropic, similar to that of the base material of the bricks and can be described by equations 3.1 to 3.6.

Pattern HO A. Micro modeling

In the case of pattern HO, head joints are open, and bed joints are closed (see Fig. 3.1).

The existence of open joints in the masonry results in a reduction in their effective stiffness [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF][START_REF] Ali | Transient thermo-mechanical analysis of steel ladle refractory linings using mechanical homogenization approach[END_REF][START_REF] Ali | Thermomechanical modelling of refractory mortarless masonry wall subjected to biaxial compression[END_REF][START_REF] Rekik | Numerical homogenization model for effective creep properties of microcracked masonry[END_REF]. Thus, the macroscopic elastic-viscoplastic behavior of pattern HO is different from that of the base material of the bricks. For the purpose of studying the homogenized mechanical behavior of periodic structures, like pattern HO, and computing the effective elastic viscoplastic parameters, the finite element FE -based homogenization technique can be adopted [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Tsuda | Duplex model for homogenized elastic-viscoplastic behavior of plate-fin structures at high temperatures[END_REF][START_REF] Goto | Elasto-viscoplastic analysis for negative through-the-thickness Poisson's ratio of woven laminate composites based on homogenization theory[END_REF][START_REF] Tikarrouchine | Fully coupled thermo-viscoplastic analysis of composite structures by means of multi-scale threedimensional finite element computations[END_REF][START_REF] Ali | Computational homogenization of elasticviscoplastic refractory masonry with dry joints[END_REF][START_REF] Ali | A Multiscale Model for Numerical Modelling of Homogenized Elastic-Viscoplastic Behavior of Mortarless Refractory Masonry Structures[END_REF].

To carry out homogenization of joint pattern HO using FE technique, a periodic unit cell (UC) with volume (V UC ) has been selected from the periodic structure as illustrated in Fig. 3.5. Then, 3D -FE simulations have been performed on the UC to characterize its homogenized elastic viscoplastic response. To account for the periodicity of the structure, periodic boundary conditions have been applied to the UC's boundaries [START_REF] Xia | A unified periodical boundary conditions for representative volume elements of composites and applications[END_REF][START_REF] Henyš | Comparison of current methods for implementing periodic boundary conditions in multi-scale homogenisation[END_REF][START_REF] Omairey | Development of an ABAQUS plugin tool for periodic RVE homogenisation[END_REF]. In contrast to homogeneous 3.2. Periodic nonlinear homogenization boundary conditions, periodic boundary conditions satisfy both boundary displacement periodicity and boundary traction periodicity. Moreover, homogeneous boundary conditions are over constrained conditions, violate stress periodicity of the boundaries and, therefore, are not recommended to be used for periodic UC subjected to shear loading conditions [START_REF] Xia | A unified periodical boundary conditions for representative volume elements of composites and applications[END_REF][START_REF] Omairey | Development of an ABAQUS plugin tool for periodic RVE homogenisation[END_REF]. To characterize the homogenized elastic behavior of the UC and to avoid the contribution of the viscoplastic strain when calculating the effective elastic stiffness of the structure, first, purely elastic numerical simulations have been carried out. Then, viscoplastic numerical analysis have been performed on the UC to characterize its homogenized viscoplastic response. From Fig. 3.6,
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it can be seen that the periodicity of boundary displacements and stresses are satisfied due to the applied periodic boundary conditions. From the uniaxial tensile and simple shear numerical tests of the UC subjected to macroscopic normal or shear stress of 1.5 MPa, the macroscopic strain components and the effective material parameters can be found.

B. Macro modeling B. 1. Macroscopic elastic behavior

The first goal is to define a relation between macroscopic stress tensor and macroscopic elastic strain tensor (i.e. determine the effective elastic stiffness tensor of pattern HO). Due to the existence of open joints, the macroscopic elastic behavior of pattern HO is orthotropic and can be described using equation 3.7. In the case of orthotropic linear elastic materials, the macroscopic stress tensor is related to the macroscopic elastic strain tensor through the macroscopic form of Hooke's law as following [START_REF] Reddy | Mechanics of laminated composite plates and shells: theory and analysis[END_REF]:

Σ = C e : E e (3.7) 
Where Σ and E e are the second order macroscopic stress and elastic strain tensors, while C e is the fourth order macroscopic elastic stiffness tensor. In equation 3.7, the second and fourth order tensors are symmetric and, therefore, they can be respectively reduced to 6 × 1 and 6 × 6 matrices using Voigt notations [START_REF] Tikarrouchine | Fully coupled thermo-viscoplastic analysis of composite structures by means of multi-scale threedimensional finite element computations[END_REF]. The effective elastic fourth order tensor is characterized by 9 nonzero components and can be written in a matrix form, with respect to the principal material coordinate system, using Voigt notations as follows [START_REF] Reddy | Mechanics of laminated composite plates and shells: theory and analysis[END_REF]: 

C e =            
0 0 0 0 0 0 G xy 0 0 0 0 0 0 G xz 0 0 0 0 0 0 G yz             [M P a], (3.8) 
With,

= 1 -ν xy ν yx -ν yz ν zy -ν zx ν xz -2 ν xy ν yz ν zx E x E y E z (3.9)
In the above equations, E and ν denote respectively the macroscopic or effective Young's modulus and the macroscopic or effective Poisson's ratio. G is the macroscopic or effective shear modulus. According to the average theorems, when a uniform stress is applied to the boundary surfaces of the UC, the macroscopic stress is equal to the applied stress (i.e. σ = Σ) [START_REF] Tikarrouchine | Fully coupled thermo-viscoplastic analysis of composite structures by means of multi-scale threedimensional finite element computations[END_REF]. Another possible approach for calculating the macroscopic stress is to integrate the local stress fields over 3.2. Periodic nonlinear homogenization the volume of the UC (V UC ) according to Hill's definition as follows [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Iltchev | Computational homogenisation of periodic cellular materials: Application to structural modelling[END_REF][START_REF] Hill | The essential structure of constitutive laws for metal composites and polycrystals[END_REF]:

Σ = σ = 1 V UC V UC σdV (3.10)
From the simulated combination of uniaxial tensile and simple shear tests, the local strains can be obtained from solving the boundary value problem of the UC subjected to average normal or shear stress of 1.5 MPa. From the local elastic strains, the macroscopic elastic strains can be calculated. Then, using equations 3.7 -3.9, the nine nonzero components of C e can be found and the relation between the macroscopic stress tensor and macroscopic elastic strain tensor can be established.

In previous studies, two main approaches have been used to calculate the macroscopic strain fields [START_REF] Hori | On two micromechanics theories for determining micromacro relations in heterogeneous solids[END_REF][START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Iltchev | Computational homogenisation of periodic cellular materials: Application to structural modelling[END_REF][START_REF] Fritzen | Computational homogenization of elasto-plastic porous metals[END_REF][START_REF] Matsuda | Effects of fiber distribution on elasticviscoplastic behavior of long fiber-reinforced laminates[END_REF][START_REF] Molla | Efficient modeling of metallic interconnects for thermo-mechanical simulation of SOFC stacks: Homogenized behaviors and effect of contact[END_REF][START_REF] Ohno | Homogenized elastic-viscoplastic behavior of plate-fin structures with two pore pressures[END_REF]. The first approach is based on calculating the macroscopic total strain by integrating the local total strain (ε t ) over the volume of the UC according to [START_REF] Hori | On two micromechanics theories for determining micromacro relations in heterogeneous solids[END_REF][START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Fritzen | Computational homogenization of elasto-plastic porous metals[END_REF][START_REF] Matsuda | Effects of fiber distribution on elasticviscoplastic behavior of long fiber-reinforced laminates[END_REF]]:

E t = ε t = 1 V UC V UC ε t dV (3.11)
In the second approach, the macroscopic elastic strains are calculated from the average change in the displacements of the UC's corners (i.e. by dividing the change in displacements of the corners by the initial dimensions of the UC) [START_REF] Iltchev | Computational homogenisation of periodic cellular materials: Application to structural modelling[END_REF][START_REF] Molla | Efficient modeling of metallic interconnects for thermo-mechanical simulation of SOFC stacks: Homogenized behaviors and effect of contact[END_REF][START_REF] Ohno | Homogenized elastic-viscoplastic behavior of plate-fin structures with two pore pressures[END_REF]. If there are neither gaps nor cracks in the UC, both techniques converge to the same value. However, in the case of joint pattern HO, the macroscopic elastic strains cannot be computed by integrating the micro (or local) strains over the volume of the UC (first approach). As, the presence of open joints within the UC leads to discontinuous displacement fields (see Fig. 3.7), because there is neither viscosity nor rigidity in the volume of the gaps (i.e. local strains within the gaps are unknown) [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Iltchev | Computational homogenisation of periodic cellular materials: Application to structural modelling[END_REF]. Therefore, in the present study, the second approach has been used to calculate the macroscopic strains. The calculated 9 nonzero components of C e are reported in table 3.2. Now, the relationship between macroscopic stresses and macroscopic elastic strains is established. Further details on defining the macroscopic viscoplastic behavior law are given below. 
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B. 2. Macroscopic viscoplastic behavior

The second goal is to define a macroscopic constitutive law to describe the viscoplastic behavior of joint pattern HO. The macroscopic elastic viscoplastic behavior of joint pattern HO is orthotropic due to the presence of open head joints. In order to describe the macroscopic viscoplastic behavior of joint pattern HO, an orthotropic creep equation is required. It should be noted that equation 3.4 is suitable only for describing the local creep behavior of isotropic materials such as joint pattern AC. The orthotropic homogenized steady-state viscoplastic behavior of heterogeneous solids can be described using the macroscopic form of equation 3.4 developed by Tsuda et al. [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Ohno | Homogenized elastic-viscoplastic behavior of plate-fin structures with two pore pressures[END_REF][START_REF] Tsuda | Duplex model for homogenized elastic-viscoplastic behavior of plate-fin structures at high temperatures[END_REF][START_REF] Ohno | Homogenized elastic-viscoplastic behavior of anisotropic open-porous bodies with pore pressure[END_REF]. The main advantage of this constitutive law is that using the same parameters of the base material, the orthotropic homogenized viscoplastic behaviour of heterogeneous solids can be found. The constitutive law is obtained through averaging the local fields (σ, εvp , and σ eq ) over the volume of the UC and using a localization tensor according to:

Ėvp = 1 2 A (Σ eq ) n-1 N : Σ (3.12)
Where A and n are materials parameters of the bricks, reported in table 3.1, Σ eq and N are the macroscopic equivalent stress and a fourth order tensor with the same meaning of the localization tensor. Tensor N accounts for the orthotropy and compressibility in the x direction of the structure and enables using the creep parameters of the constitutive material (i.e. bridge between the micro and macro scales). Tensor N is symmetric and can be represented by 6 × 6 matrix using Voigt notations. N is characterized by 9 nonzero components and can be represented, with respect to the principal material coordinate system, as:

N =            N 11 N 12 N 13 0 0 0 N 12 N 22 N 23 0 0 0 N 13 N 23 N 33 0 0 0 0 0 0 N 44 0 0 0 0 0 0 N 55 0 0 0 0 0 0 N 66            (3.13)
For heterogeneous solids, the macroscopic equivalent stress is written in terms of the macroscopic stress tensor and N as [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF][START_REF] Ohno | Homogenized elastic-viscoplastic behavior of plate-fin structures with two pore pressures[END_REF][START_REF] Xue | Constitutive model for quasi-static deformation of metallic sandwich cores[END_REF]:

Σ eq = 1 2 Σ T : N : Σ (3.14)
Here Σ T is the transpose of the macroscopic stress second order tensor. The macroscopic equivalent viscoplastic strain rate ( Ėvp eq ) is defined in terms of N and Ėvp as follows [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF]:

Ėvp eq = 2 Ė vp T : N -1
: Ėvp (3.15)

Periodic nonlinear homogenization

By combining equations 3.12 -3.14 and using the combinations of uniaxial and simple shear finite element numerical tests presented before, the 9 non-zero components of tensor N can be calculated and the macroscopic creep law can be defined. Under uniaxial loading and periodic boundary conditions, the shear components of the macroscopic stress tensor vanish. Therefore, the first 6 components of N can be defined as follows [START_REF] Tsuda | Homogenized elasticviscoplastic behavior of plate-fin structures at high temperatures: Numerical analysis and macroscopic constitutive modeling[END_REF]:

-Uniaxial tension along the x-direction 

N 11 = 2 1 Σ xx 2 Σ xx Ėvp xx A 2 
N 66 = 2 1 Σ yz 2 Σ yz Ėvp yz A 2 n+1 (3.27)
In the previous equations, the values of macroscopic normal and shear stresses are equal to the applied average stresses. The macroscopic viscoplastic strain rates are determined from the time derivative of the macroscopic viscoplastic strain (E vp calculated from the displacement of the corners of the UC as described before). The obtained values of the nine none-zero components of N are reported in table 3.2. It can be observed that y and z components of the tensor are almost the same (due to the absence of joints in the z direction, only one brick in the depth of the wall, and the absence of open joints in the y direction). To compare the components of tensor N of joint pattern HO and those of the constitutive material, the components of tensor N have been identified for joint pattern AC, using the same approach, and reported in table 3.2. It can be seen that, in the case of pattern HO, the y and z components of tensor N are almost equal to those of the constitutive material of the bricks.

Pattern AO

As presented earlier, in the case of pattern AO, both head and bed joints are open. It can be seen from Fig. 3.1 that the masonry structure is composed of an array of separated bricks and is disconnected. This pattern usually presents the initial state of the masonry (before loading). When the bricks are machined (i.e. the dimension tolerances of the bricks are negligible) or cardboard spacers are used to generate the joints), one can assume that joints are perfect and they can be considered as either open or closed (the gradual increase of stiffness with the gradual closure of joints can be neglected). This assumption has been used in previous works [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF][START_REF] Ali | Transient thermo-mechanical analysis of steel ladle refractory linings using mechanical homogenization approach[END_REF][START_REF] Ali | Thermomechanical modelling of refractory mortarless masonry wall subjected to biaxial compression[END_REF].

To compute the effective mechanical parameters of masonry with perfect joints (elastic and viscoplastic), the finite element-based homogenization approach (micro modeling) presented earlier can not be employed, because the boundary value problem of the UC is not clearly defined. However, the mechanical parameters of the constitutive material of the bricks can be used to define the effective mechanical properties of joint pattern AO [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF][START_REF] Ali | Transient thermo-mechanical analysis of steel ladle refractory linings using mechanical homogenization approach[END_REF][START_REF] Ali | Thermomechanical modelling of refractory mortarless masonry wall subjected to biaxial compression[END_REF] as 3.2. Periodic nonlinear homogenization following. Due to the existence of open joints in the x and y directions, the effective elastic and viscoplastic mechanical parameters of the masonry structure in the x and y directions are very small. Therefore, the effective Young's modulus and the components of N in directions x and y can be assumed equal to zero ( E x = E y = G xy = ν xy = 0, see the coordinate system in Fig. 3.5). On the other hand, the effective Young's modulus and N components in z direction are equal to those of the constitutive material of the bricks due to the absence of joints in the z direction (only one brick in the z direction, depth of the wall).

In the case of perfect joints, C e and N tensors of joint pattern AO are reported in table 3.2. To facilitate the numerical computations and to avoid numerical singularities and solution divergence, a very small value has been assigned to E x , E y , and G xy instead of zero.

It should be noted that in the case of imperfect joints (natural bricks and dimensions and shape tolerances of the bricks are significant) the effects of progressive closure of joints and the gradual increase of the contact area (and, therefore, effective stiffness) with joints closure are significant. The nonlinear strain stiffening behavior of the masonry with dry joints presented in chapter 2 is resulting from the gradual increase of the contact area between the bricks. To take into account the gradual increase of stiffness with the closure of head and bed joints and cover the real physical behavior of masonry built up with natural bricks, the average (or global) normal and shear behaviors of joints should be considered. The average behavior is chosen in the present work due to the heterogeneity in the local behavior of joints and the different joint thickness in the wall (will be discussed in detail in chapter 4). Two approaches can be employed to take into account the normal and shear behaviors of the joints namely: soft contact approach and cohesive interface approach.

Regarding the first approach (soft contact approach), it is based on modeling the contact between the bricks using FE method. Different constitutive contact laws can be implemented in the contact surfaces of bed and head joints. The tangential contact behavior of the joints is defined by penalty friction formulation with a coefficient of friction (µ). The normal contact behavior is usually modeled using the softened contact model (pressure -over closure) [START_REF]ABAQUS/standard: User's Manual[END_REF][START_REF] Oliveira | Thermomechanical behaviour of refractory dry-stacked masonry walls under uniaxial compression[END_REF][START_REF] Oliveira | Normal and tangential behaviour of dry joints in refractory masonry[END_REF]. A slight overlap (penetration) of the contact partners is allowed. This violation of contact conditions can be physically accepted in the case of masonry by considering the deformation and the crushing of the asperities as penetration. The main limitations of this approach are: firstly, it usually requires the contact pressure (at the surfaces of the joints) that is usually unknown and can be determined experimentally using pressure based sensors as presented in chapter 1; secondly, the high computational time and related contact convergence problems.

In the second approach (cohesive interface), which was used in the present work, the joints are reduced to an interface with small thickness (t i ) where the constitutive normal and shear behaviors of the joints are implemented. Different material behavior laws can be employed for the bricks. The behavior law of the interface is expressed in an incremental form as [START_REF]ABAQUS/standard: User's Manual[END_REF]:

∆σ = k(u) ∆u (3.28) 3. MULTI-SCALE MODELING OF REFRACTORY MASONRY or ∆      σ n τ x τ y      =    k n (u) 0 0 0 k sx (u) 0 0 0 k sy (u)    ∆      u n u x u y      (3.29)
Where σ n is the normal stress, τ x and τ y are the transverse stress in the x and y directions, respectively (see the coordinate system in Fig. 3.9). k n , k sx and k sy are the joint stiffnesses in the normal (n) and shear directions (x, y), respectively. u n is the normal deformation of the joint or joint closure. u x and u y are the shear deformations of the joint.

The variations of k n with the joints closure can be obtained from joints closure tests as reported in references [START_REF] Allaoui | Digital image correlation measurements of mortarless joint closure in refractory masonries[END_REF][START_REF] Thanoon | Nonlinear finite element analysis of grouted and ungrouted hollow interlocking mortarless block masonry system[END_REF][START_REF] Rekik | Experiments and nonlinear homogenization sustaining mean-field theories for refractory mortarless BIBLIOGRAPHY masonry: The classical secant procedure and its improved variants[END_REF], while k sx and k sy are expressed as [START_REF] Lourenço | Dry joint stone masonry walls subjected to in-plane combined loading[END_REF]:

k sx (u) = k sy (u) = k n (u n ) 2(1 + ν) (3.30)
Four types of joints with different normal and shear stiffnesses are proposed in this chapter for the demonstration of the methodology and performing some parametric studies. The identification of k n (u n ) of the masonry walls, presented in chapter 2, will be shown later in chapter 4. However, the joints' behaviors considered here are similar to those observed in experimental works [START_REF] Allaoui | Digital image correlation measurements of mortarless joint closure in refractory masonries[END_REF][START_REF] Thanoon | Nonlinear finite element analysis of grouted and ungrouted hollow interlocking mortarless block masonry system[END_REF][START_REF] Rekik | Experiments and nonlinear homogenization sustaining mean-field theories for refractory mortarless BIBLIOGRAPHY masonry: The classical secant procedure and its improved variants[END_REF] and those reported later in chapter 4. The variations of k n and k s (k s = k sx = k sy ) with the joints closure u n of the considered four joints are presented in Fig. 3.8. In the beginning, the stiffness of the joints is very small then, it increases sharply with the closure of joints. In the proposed 3D FE model, a periodic unit cell (UC) with volume (V UC ) has been selected from the periodic structure (see Fig. 3.9). Then, 3D -FE simulations have been performed on the UC to characterize its homogenized response. To account for the periodicity of the structure, periodic boundary conditions have been applied to the UC's boundaries [START_REF] Xia | A unified periodical boundary conditions for representative volume elements of composites and applications[END_REF][START_REF] Henyš | Comparison of current methods for implementing periodic boundary conditions in multi-scale homogenisation[END_REF][START_REF] Omairey | Development of an ABAQUS plugin tool for periodic RVE homogenisation[END_REF]. The bricks 3.2. Periodic nonlinear homogenization and joints are represented by two types of elements. The FE model was developed using Abaqus using C3D8R solid elements for modeling the bricks and COH3D8 cohesive elements for modeling the interface. The reduced integration was used because it allows obtaining one value per element. The variations of k n and k s with the joints closure (presented in Fig. 3.8) were implemented into Abaqus using user subroutine (USDFLD). Several FE numerical experiments of uniaxial compressive tests along the x, y and z directions and simple shear tests in the xy, xz, and yz planes have been performed. For all cases, the UC has been subjected to an average or macroscopic strain (E, shear or normal) and the resulting macroscopic stresses are obtained from solving the boundary value problem. It can be seen from the figures that the numerical models are able to reproduce the nonlinear strain stiffening behavior. In addition, the homogenized Young's (in x, y directions) and shear modulus (with respect to xy plane) and the corresponding resulting normal and shear macroscopic stresses increase with the increase of the joint stiffness. In all cases the resulting normal and shear stresses in x, y directions and with respect to xy plane are less as compared to those in the z direction and with respect to xz and yz planes (indicated as isotropic in the figure). The variations of homogenized Young's and shear modulus with the macroscopic strains can be implemented in the macroscopic FE model to take into account the nonlinear strain stiffening behavior of masonry with dry joints. Since the thickness of the interface is very small as compared to the dimensions of the bricks, the homogenized viscoplastic behavior of pattern AO is considered similar to that of the base material of the bricks. 

Pattern BO

In the case of joint pattern BO, head joints are closed whereas bed joints are open (see Fig. 3.1). The masonry structure is composed of an array of separated courses of bricks (in the y-direction).

Under perfect joint assumption, the structure has zero macroscopic stiffness in the y-direction (due to the presence of open joints) while it has stiffness in the x (as all joints are closed in this direction) and z-directions (only one brick in the z direction) [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF][START_REF] Ali | Transient thermo-mechanical analysis of steel ladle refractory linings using mechanical homogenization approach[END_REF][START_REF] Ali | Thermomechanical modelling of refractory mortarless masonry wall subjected to biaxial compression[END_REF]. The mechanical parameters of the constitutive material can be used to define the effective mechanical properties of joint pattern BO. Since bed joints are open, the macroscopic stiffness of the structure in direction y is very small and E y is zero. Thus, the components of N in the y direction are also equal to zero. However, the effective Young's modulus and N components in x and z directions are equal to those of the constitutive material due to the absence of joints in the z direction and

the absence of open joints in x direction. The C e and N tensors of joint pattern BO are reported in table 3.2.

To take into account the impacts of gradual closure of bed joints on the macroscopic mechanical behavior (imperfect joints), the bed joints can be reduced to an interface with small thickness where the constitutive normal and shear behaviors of the bed joints can be implemented. Then homogenized Young's modulus, in the y direction, and shear modulus, with respect to xy plane, can be described as a function of the macroscopic strain (as resented in section 3.2.1.3). E x = E z = Y brick and G xz = G yz = G brick . Since the thickness of the interface (assumed for bed joints) is very small as compared to the dimensions of the bricks and due to the absence of joints in the depth of the wall (z direction) and absence of open joints in the x direction, the homogenized viscoplastic behavior of pattern BO is considered similar to that of the base material of the bricks. As indicated previously in the case of joint pattern AS (All Safe), head and bed joints are undamaged (see Fig. 3.13). This pattern presents the initial state of masonry before loading. To compute the homogenized elastic viscoplastic behavior of pattern AS, a UC is selected from the structure then, the homogenized elastic viscoplastic mechanical parameters are determined using FE based nonlinear homogenization approach detailed in section 3.2.1.2. The C e and N tensors of joint pattern AS are reported in table 3.3.
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Pattern HD

In the case of pattern HD (Head Damaged), head joints are damaged and bed joints are undamaged (see Fig. 

Pattern BD

In the case of joint pattern BD (Bed Damaged), head joints are undamaged whereas bed joints are damaged, see Fig. 3.3. The masonry structure is composed of an array of separated courses of bricks (in the y-direction). Thus, the structure has zero macroscopic stiffness in y-direction (due to the presence of open joints) while it has stiffness in x (as all joints are closed in this direction)
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and z-directions (only one brick in the z direction). The mechanical parameters of pattern AS can be used to define the effective mechanical properties of joint pattern BD. Since bed joints are open or damaged, the macroscopic stiffness of the structure in direction y is very small and E y is zero. Thus, the components of N in the y direction are also equal to zero. However, the effective Young's modulus and N components in x and z directions are equal to those of the constitutive material due to the absence of joints in the z direction and open joints in x direction. The C e and N tensors of joint pattern BD are reported in table 3.3.

Pattern AD

As presented earlier, in the case of pattern AD (All Damaged), both head and bed joints are damaged (open). It can be seen from Fig. 3.3 that the masonry structure is composed of an array of separated bricks and the masonry structure is disconnected. For the purpose of computing the effective mechanical parameters of the structure (elastic and viscoplastic), one cannot use finite element-based homogenization approach (micro modeling) presented earlier because the boundary value problem of the UC is not clearly defined. However, the effective mechanical parameters of the undamaged pattern (AS) can be used to define the effective mechanical properties of joint pattern AD. Due to the existence of open joints in the x and y directions, the effective elastic and viscoplastic mechanical parameters of the masonry structure in the x and y directions are very small. Therefore, the effective Young's modulus and the components of N in directions x and y are zero ( E x = E y = G xy = ν xy = 0). In addition, the effective Young's modulus and N components in z direction are equal to those of pattern AS. The C e and N tensors of joint pattern AD are reported in table 3.3. To facilitate the numerical computations and to avoid numerical singularities and solution divergence, a very small value has been assigned to E x , E y and G xy instead of zero.

3.3. Joints closure and/or opening criteria In normal operating conditions, the masonry is subjected to cyclic thermal or mechanical loading and unloading. Thus, head or bed or both joints may close and reopen. Consequently, the masonry structure changes from one joint pattern to another leading to a change in the macroscopic elastic viscoplastic behaviour of the structure. In the present work, this change has been taken into account by using suitable joints closure, reopening and pattern transition criteria. Before loading, head and bed joints are open and the masonry structure can be fully described by pattern AO. Under compression loads, the thickness of head or bed or both joints decreases gradually from the initial value (g 0 ) to zero and the structure changes from pattern AO to either pattern BO (when head joints close) or pattern HO (when bed joints close). In addition, the structure may change from pattern AO to pattern AC if both head and bed joints close. Based on the instantaneous thickness of the joints g, head and bed joints are considered to be open as:

Joint open if g bed or head > 0 (3.31)
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As the equivalent material properties of the masonry are piece wise constant, the displacement increment at every point in the structure linearly depends on the increment in the macroscopic quantities [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF][START_REF] Ali | Transient thermo-mechanical analysis of steel ladle refractory linings using mechanical homogenization approach[END_REF]. Thus, the instantaneous thickness of the head and bed joints can be written in terms of the macroscopic components of total strains in the x (E t xx ) and y (E t yy ) directions as:

g head = g 0, head + M x E t xx (3.32) g bed = g 0, bed + M y E t yy (3.33)
Where g bed and g head are the instantaneous thicknesses of bed and head joints, respectively. g 0,bed and g 0,head denote the initial thickness of bed and head joints, respectively. With regard to joints reopening criterion, head and bed joints can reopen if the normal stress to the surface of the joint (head or bed) is higher than zero (i.e. tensile stress). In other words, a head joint can reopen if σ xx > 0 and a bed joint can reopen if σ yy > 0. Joints reopening criterion can be rewritten in terms of macroscopic stresses using localization tensor Σ yy -→ σ yy and Σ xx -→ σ xx . The approach used to link between the microscopic and macroscopic stress fields is similar to that described in section 3.3.2. The joints closure, reopening and transition criteria 3.3. Joints closure and/or opening criteria from joint pattern AO to pattern BO, joint pattern BO to pattern HO, joint pattern BO to pattern AC, joint pattern HO to pattern AC, and the opposite are presented in Fig. 3.15.

Opening criteria of mortar joints

The brick-mortar interface is considered as the weakest link in the structure and it can fail under tensile or shear loads. Previous experimental studies have shown that, usually, cracks initiation and propagation occur in the mortar joints [11,[START_REF] Sinha | A simplified ultimate load analysis of laterally loaded model orthotropic brickwork panels of low tensile strength[END_REF][START_REF] Herbert | Uniform lateral load capacity of small-scale masonry wall panels[END_REF][START_REF] Torres | Study on retrofitted masonry elements under shear using digital image correlation[END_REF]. Therefore, most of previous numerical studies assumed rigid or purely elastic bricks and all material non-linearity is concentrated in the joints [START_REF] Oliveira | Implementation and validation of a constitutive model for the cyclic behaviour of interface elements[END_REF][START_REF] Silva | Derivation of the out-of-plane behaviour of masonry through homogenization strategies: Micro-scale level[END_REF][START_REF] Luciano | Homogenization technique and damage model for old masonry material[END_REF][START_REF] Luciano | A damage model for masonry structures[END_REF][START_REF] Silva | Numerical homogenization-based seismic assessment of an English-bond masonry prototype: Structural level application[END_REF][START_REF] Lourenço | Two approaches for the analysis of masonry structures: micro and macro-modeling[END_REF][START_REF] Orduña | Non-linear static analysis of rigid block models for structural assessment of ancient masonry constructions[END_REF]. In previous numerical studies [START_REF] Oliveira | Implementation and validation of a constitutive model for the cyclic behaviour of interface elements[END_REF][START_REF] Silva | Derivation of the out-of-plane behaviour of masonry through homogenization strategies: Micro-scale level[END_REF][START_REF] Silva | Numerical homogenization-based seismic assessment of an English-bond masonry prototype: Structural level application[END_REF][START_REF] Lourenço | Two approaches for the analysis of masonry structures: micro and macro-modeling[END_REF], three failure mechanisms of masonry are adopted namely: tensile failure of brick/mortar interface, shear failure of brick/mortar interface and compressive failure of the mortar (cap). Experimental studies carried out by Aref and Dolatshahi [START_REF] Aref | A three-dimensional cyclic meso-scale numerical procedure for simulation of unreinforced masonry structures[END_REF] show that compressive failure of the mortar rarely happens even when the mortar material is very weak. Therefore, tensile and shear failure modes of the brick mortar interface are sufficient to describe the structural behavior of the refractory masonry.

In normal operating conditions, the masonry structure is subjected to cyclic thermal or mechanical loading and unloading. Thus, head or bed or both joints may be damaged. Consequently, the masonry structure changes from one joint pattern to another leading to a change in the macroscopic elastic viscoplastic behavior of the structure. Before loading, head and bed joints are undamaged and the masonry structure can be fully described by pattern AS. Under tensile or shear loads, head or bed or both joints may open and the structure changes from pattern AS to either pattern HD (when head joints are damaged) or BD (when bed joints are damaged). The structure may change from pattern AS to pattern AD if both head and bed joints are damaged. Since crushing of mortar is rarely to happen [START_REF] Aref | A three-dimensional cyclic meso-scale numerical procedure for simulation of unreinforced masonry structures[END_REF], the yield criterion of the joints can be defined by modified Mohr-Coulomb for shear associated with tension cut off as depicted in Fig. 3.16. The local tensile criterion can be written as:

σ ii > f t (3.34)
where, σ ii and f t are respectively the local normal stress at the brick mortar interface and ultimate tensile strength of the brick/mortar interface. i is the direction normal to the interface surface. The local shear criterion reads [START_REF] Landreau | Modélisation thermomécanique d'un piédroit de four à coke -in French[END_REF][START_REF] Brulin | Modélisation thermomécanique d'un creuset de haut fourneau -in French[END_REF]:

σ 2 ji + σ 2 ki > f sh (3.35)
The modified Mohr-Coulomb can be adopted to take into account the hardening of the shear limit in compression as:

f sh = C - 1 2 tanφ (1 -sign(σ ii )) σ ii (3.36) with sign(σ ii ) = -1 if σ ii < 0 sign(σ ii ) = 1 if σ ii > 0 (3.37)
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Here, f sh , C and φ are the shear strength of the brick mortar interface, cohesion and internal friction angle, respectively. The joints reopening and transition criteria from joint pattern AS to BD, pattern AS to HD, pattern BD to AD and pattern HD to AD, are written in terms of local shear and normal stresses and presented in Fig. 3.17. It should be noted that equation 3.34 and 3.35 are written in terms of local tensile and shear stresses. As the four joint patterns are replaced by a homogeneous continuum medium with an 3.3. Joints closure and/or opening criteria equivalent macroscopic mechanical behavior, only macroscopic values of stresses and strains are obtained from the FEM solution (at macroscopic level). Therefore, local joints opening criteria should be written in terms of macroscopic stresses and strains. For this purpose, an approach similar to that of Nguyen et al. [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF] can be adopted. The increment of the second order micro (or local) stress tensor (dσ) can be written in terms of the increment of the mean (or macroscopic) stress tensor (dΣ) by using a fourth order stress concentration tensor (A) as follows:

dσ = A : dΣ (3.38)
Using the macroscopic form of Hooke's law for orthotropic materials, dΣ can be written in terms of the increment of macroscopic elastic strain tensor (dE e ) and the macroscopic stiffness It should be mentioned that equations 3.38, 3.39 and 3.40 are written in an incremental form as the mechanical response of the material changes with the change of joint pattern. When the structure changes from an initial pattern to a new pattern (due to joints opening), the local stress tensor can be obtained by integrating equation 3.40 from the initial state to the final state as [START_REF] Nguyen | Mechanical homogenisation of masonry wall without mortar[END_REF]:

σ = E e f in E e ini L : dE e (3.

41)

As the equivalent material properties of the masonry are piece wise constant (for each joint pattern), equation 3.41 can be written as:

σ = z p=1 L (p) : E (p) + σ 0 (3.42)
With σ 0 , p and z are the initial local stress tensor, pattern and number of pattern changes respectively. E (p) is the change in the elastic strain tensor during pattern number p. Now, local joints opening criteria (equations 3.34 and 3.35) can be expressed in macroscopic forms as following (for a joint perpendicular to the i direction): Tensile failure:

z p=1 L (p) iilm E (p) lm > f t (3.43)
Shear failure:

z p=1 L (p) jilm E p lm 2 + z p=1 L (p) kilm E (z) lm 2 > f sh (3.44)

MULTI-SCALE MODELING OF REFRACTORY MASONRY

For the four joint patterns, L

kilm should be determined. For joint pattern AS, bed and head joints are undamaged. Therefore, The average normal stresses at the brick mortar interface are similar to the macroscopic or average normal stresses. The joints opening criteria can be written as:

       Σ ii > f t or Σ 2 ji + Σ 2 ki > f sh (3.45)
Using the macroscopic form of Hooke's law, Σ = C e : E e , the joints opening criteria can be written in terms of macroscopic strains. For example, the tensile failure criterion is expressed as:

Σ ii = 3 j=1 C iijj E e jj > f t (3.46) With, L (AS) iijj = C iijj L (AS) ijij = C ijij j = i (3.47)
Regarding joint pattern HD, L (HD) kilm are determined from the FE solution of a UC subjected to different loading conditions. They can be estimated from the average local stresses (σ ii , σ ij ) over the surface area (S) at the brick/mortar interface and the applied macroscopic strain (E) according to:

         L (HD) iijj = S σ ii dS S × E ii L (HD) ijij = S σ ij dS S × E ij (3.48)
In the case of pattern BD, the macroscopic stresses in the direction normal to head joints are almost equal to the local normal stresses at the brick/mortar interface of head joints. Therefore, on can assume that σ ii = Σ ii , σ ij = Σ ij with i = j. The tensile and shear failure criteria are expressed as:

       σ ii = Σ ii > f t or Σ 2 ji + Σ 2 ki > f sh (3.49)
and L

(BD)

kilm are:

L (3) iijj = C iijj L (3) ijij = C ijij j = i (3.50)
In the case of joint pattern AD, both bed and head joints are already damaged. Therefore, no constants are required.

Under compressive loads, the damaged mortar joints can re-close and the structure can recover its stiffness. The ultimate tensile strength and the cohesion (of the brick/mortar interface) 3.4. Comparisons between the micro and macro modelings of damaged -then -closed joints are equal to zero. The behavior of the damaged mortar joints under compressive stresses needs to be investigated experimentally. Future studies to investigate this phenomena and extension of the numerical model to include re-closure of damaged mortar joints are planned to be carried out in the future. In the present work, the re-closure of mortar joints was neglected.

Comparisons between the micro and macro modelings

The main aim of this section is to assess the accuracy of the developed macroscopic elastic viscoplastic numerical model. For this purpose, the equivalent material model (hereafter will be called macro model) has been implemented in the finite element code, Abaqus [START_REF]ABAQUS/standard: User's Manual[END_REF], with a user material subroutine UMAT. Then, it has been used to simulate uniaxial, simple shear and biaxial numerical experiments. Two different loading conditions have been considered namely, constant stress (creep) and constant strain loading (stress relaxation). For both loading conditions, comparisons between results from the macro and micro models are performed. In the case of macro modelling, the bricks and the joints are replaced by an equivalent homogeneous medium and the macro constitutive laws (equations 3.7 -3.27) are used. Whereas, in the case of micro modelling, the bricks and joints are considered and the micro constitutive laws (equations 3.1 -3.6) are employed.

Masonry with dry joints

For joint pattern HO, comparisons between average total strains (elastic and viscoplastic strains) obtained from the micro and macro models for both constant stress uniaxial tensile load in the x, y and z directions and simple shear load with respect to the xy, xz and yz planes are shown in Fig. 3.18. The comparisons are presented for three constant stress levels in the respective direction. Good agreements between the results obtained from the macro and micro models can be observed. It can be noticed that the macroscopic elastic viscoplastic behavior of pattern HO is orthotropic due to the presence of open joints. In the case of uniaxial loading in the y and z directions, values of the macroscopic total strains (E t yy and E t zz ) are almost the same because there are neither open joints in the y direction nor in the z direction. However, E t yy and E t zz are less than E t xx , because the presence of open joints in the x direction leads to a decrease in the effective stiffness of the structure and compressibility in the respective direction. 

Comparisons between the micro and macro modelings

It should be noted that the previous constant stress loading conditions (uniaxial and simple shear) are used to identify the elastic viscoplastic parameters of the structure and, therefore, the agreements between the micro and macro models results are predicted. To further examine the macro model and the identification technique, comparisons between the results of the micro and macro models under two different loading conditions (different from those used in the identification) are carried out. The two loading conditions are biaxial constant stress loading and constant strain rate uniaxial loading. In the biaxial constant stress loading case, the following combination of compressive and tensile stresses are considered: compressive stress of 3 MPa in the x direction and tensile stress of 1 MPa in the y direction (Σ xx = -3 M P a and Σ yy = 1 M P a). Comparisons between average total strains obtained from the micro and macro models are presented in Fig. 3.19. Good agreements between the micro and macro models are observed. In the second loading case, comparisons between average stresses obtained from the micro and macro models for constant strain rate uniaxial tensile loading followed by holding in the x, y and z directions and simple shear with respect to the xy, xz and yz planes are shown in Fig. 3.20. The comparisons are presented for three constant strain rate levels. Good agreements between the results obtained from the macro and micro models can be observed. Overall, the stresses increase sharply due to load application and then, during holding, there is a decay due to stress relaxation. Again, similar values of macroscopic stresses have been observed in the case of uniaxial loading in the y and z directions. However, Σ yy and Σ zz are higher than Σ xx , because the effective stiffness of the structure in the x direction is lower than that in the y and z directions. 3.4. Comparisons between the micro and macro modelings

Masonry with mortar joints

For joint patterns AS and HD, comparisons between average total strains (elastic and viscoplastic strains) obtained from the micro and macro models for both constant stress uniaxial tensile load in the x, y and z directions and simple shear load with respect to the xy, xz and yz planes are shown in Figs. 3.21 and 3.22. The comparisons are presented for three constant stress levels in the respective direction. Good agreements between the results obtained from the macro and micro models can be observed. From Fig. 3.21, it can be observed that the homogeneous elastic viscoplastic behavior of joint pattern AS is isotropic because the thickness of the mortar joints is very small as compared to the dimensions of the bricks and the creep parameters of the brick and the mortar were considered similar. However, in the case of joint pattern HD, it can be seen from Fig. 3.22 that the macroscopic elastic viscoplastic behavior of pattern HD is orthotropic due to the presence of open joints (damaged head joints). In the case of uniaxial loading in the y and z directions, the values of the macroscopic total strains (E t yy and E t zz ) are almost the same because there are neither open joints in the y direction nor in the z direction. However, E t yy and E t zz are less than E t xx , because the presence of open joints in the x direction leads to a decrease in the effective stiffness of the structure and compressibility in the respective direction.

It should be noted that the previous constant stress loading conditions (uniaxial and simple shear) are used to identify the elastic viscoplastic parameters of the structure and, therefore, the agreements between the micro and macro models results are predicted. To further examine the macro model and the identification technique, comparisons between the results of the micro and macro models under different loading conditions (different from those used in the identification) are carried out. The different loading conditions are constant stain rate uniaxial tension and simple shear loading followed by holding. For joint patterns AS and HD, comparisons between average stresses obtained from the micro and macro models for constant strain rate uniaxial tensile loading in the x, y and z directions and simple shear with respect to the xy, xz and yz planes are shown in Figs. 3.23 and 3.24. The comparisons are presented for two constant strain rate levels. Good agreements between the results obtained from the macro and micro models can be observed. Overall, the stresses increase sharply due to load application and then, during holding, there is a decay due to stress relaxation. For joint pattern AS, the macroscopic behavior of the structure is isotropic. In contrast, in the case of joint pattern HD, the macroscopic behavior is orthotropic due to the presence of open head joints. Similar values of macroscopic stresses have been observed in the case of uniaxial loading in the y and z directions. However, Σ yy and Σ zz are higher than Σ xx , because the effective stiffness of the structure in the x direction is lower than that in the y and z directions. 

MULTI-SCALE MODELING OF REFRACTORY MASONRY

Conclusion

This chapter was devoted to the development of multi scale numerical models of masonry with dry or mortar joints. In the two multi scale models, four periodic joint patterns were defined. Each pattern is associated with a specific state of bed and head joints (open/closed or damaged/undamaged). The homogenized elastic viscoplastic behavior of each pattern was determined using FE based nonlinear homogenization technique. In the case of masonry with dry joints, the gradual increase in the effective stiffness with the gradual closure of joints was taken into account. The joints were reduced to an interface with small thickness (at the RVE level, micro modeling) where the constitutive normal and shear behaviors of the joints have been implemented. Suitable joints closure, reopening and pattern transition criteria were developed and implemented. Regarding masonry with mortar joints, a homogenized elastic-viscoplastic multi scale model was developed. Both the bricks and mortar joints were considered to exhibit linear elasticity as well as rate-dependent plasticity (creep). The transition criterion between the four patterns was defined by tension cut-off associated with Mohr-Coulomb criterion. Verification of the developed multi scale models has been carried out by comparing the numerical results of detailed micro models (brick and joints are considered) with the homogeneous equivalent material models (bricks and joints were replaced by a homogeneous material).

CHAPTER 4

VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS

This chapter is devoted to the validation of the developed multi scale numerical models of masonry with dry or mortar joints presented in chapter 3. The multi scale models of masonry with dry joints are validated by comparing the experimental results, presented in chapter 2, and numerical results of masonry walls subjected to wide range of loading conditions at room and high temperature. Details about the physical models of the masonry with dry joints, boundary conditions as well as comparisons between experimental and numerical results are given in section 4.1. The multi scale models of masonry with mortar joints are validated by comparing some experimental and numerical results of masonry with mortar joints available in the literature with those predicted by the present models. The physical models of the walls, boundary conditions, simulation techniques and comparisons between experimental and numerical results are presented in section 4.2. The two validated models will be employed later in chapter 5 to simulate an industrial scale steel ladle. The conclusion of the present chapter is given in section 4.3.

Masonry with dry joints

The developed multi scale model of masonry with dry joints has been used to simulate the experimental tests of alumina spinel refractory masonry presented in chapter 2. The thermophysical and mechanical properties of the alumina spinel bricks that have been used to identify the homogenized mechanical properties of the four joint patterns are given in chapter 2. The average behavior of the dry joints are identified from test series S01. Classical joints closure tests of two small alumina spinel parts were performed by Oliveira et al. [START_REF] Oliveira | Normal and tangential behaviour of dry joints in refractory masonry[END_REF] (see Fig. 4.1-a).

The main limitation of these tests is that they do not consider the dimension and shape tolerances of the bricks, presented in chapter 2, and, therefore, in most cases underestimate joints closure. The average closure of joints at different stress levels was studied at three different locations in wall S01-01 (top, middle and bottom, see Fig. Due to the lack of experimental data of joints closure at high temperature, it has been assumed that the average stiffness of the joints at higher temperatures is similar to that at room temperature and the difference in the homogenized mechanical behavior, for the same joint pattern, at different temperatures is caused by the change in the mechanical properties of the bricks with temperature. Further experimental studies to investigate the joints closure behavior, with DIC, for a running bond texture dry masonry are required. Examples of the identified homogenized Young's modulus and shear modulus of joint pattern AO at different temperatures are presented in Fig. 4.3. The homogenized elastic and viscoplastic parameters of the four joint patterns at different temperatures are summarized in tables 4.1 and 4.2, respectively. These parameters are used later in this chapter to predict the homogenized behavior of masonry walls subjected to a wide range of thermomechanical loading conditions. In this test series, three refractory masonry walls with 450 × 1000 × 140 mm 3 dimensions were tested up to rupture. An increasing uniaxial compression load was applied in the direction normal to bed joints up to rupture. The FE model of the wall is presented in Fig. 4.4. The FE model was developed using Abaqus software and the wall was meshed with 3D hexahedron elements. The top loading beam and the reaction slab of the test setup were replaced with rigid plates. The wall (bricks and joints) was represented by a homogeneous material whose mechanical properties vary with the gradual closure and reopening of joints. The interactions between the contact surfaces of reaction slab and the wall and between the loading beam and the wall were modeled using friction contact with a coefficient of friction of 0.5. The boundary conditions of the two rigid plates are given in Fig. 4.4. The sides of the wall were free during load application step. The gravity effects were considered in the FE model. The vertical displacement fields predicted by the numerical model (in the direction normal to bed joints -loading direction) on the front surface of the wall at 33 %, 66 % and 99 % of maximum load level are presented in Fig. 4.5. Comparisons between the experimental and the numerical reaction forces variations with the displacements are shown in Fig. 4.6. The displacements of the experimental tests were determined from the DIC analysis (relative displacement between two lines, one in the middle of the top raw of the bricks and another one in the middle of the bottom raw). Good agreements between the experimental and numerical results can be observed. It can be noticed that the present multi scale model can reproduce, with reasonable accuracy, the nonlinear mechanical response of the wall. The resulting force displacement diagram of the wall is nonlinear. The model is able to predict the displacement stiffening behavior of the wall caused by the progressive closure of joints and the gradual increase in the contact area with the increase 4.1. Masonry with dry joints of the applied load (increase of effective stiffness and effective tangent Young's modulus of the wall with the increase of the applied load). 

S02: uniaxial compression at high temperature

In this test series, three refractory masonry walls with 1350 × 1000 × 140 mm 3 dimensions were tested. A uniaxial mechanical load, normal to bed joints, was applied at room temperature and kept constant then, one face of the wall was heated. The three specimens were tested under the same thermomechanical loading conditions. The FE analysis of the problem compromises two steps: firstly, transient heat transfer analysis to compute the temperature distributions and variations with time; Then, thermomechanical analysis was carried out to compute the 4. VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS thermomechanical stress and strain fields. The temperature fields calculated in the first step were used as a temperature load in the thermomechanical analysis. The heat transfer and thermomechanical FE models of the wall were developed using Abaqus. The physical model of the wall is similar to that of series S01 with only one difference, which is the width of the wall (1350 mm in the case of series S02). The thermo physical properties of the bricks are reported in chapter 2.

The heat transfer model considers the radiative (q r, i ) and convective (q c, i ) heat exchange between the furnace and the hot face (HF) of the wall, conductive (q con ) heat transfer through the wall thickness, convective (q c, o ) and radiative (q r, o ) heat exchange between the cold face (CF) and the ambient (amb). The temperature distribution of the wall varies with time (t) and can be obtained by solving the transient form of the energy equation given by [START_REF] Cengel | Heat and mass transfer: fundamentals and applications[END_REF]:

ρC p ∂T ∂t -div(k --→ grad(T )) = 0 (4.1) 
Where ρ, k, T and C p are the density, thermal conductivity, temperature and specific heat, respectively. Before heating, the initial temperature (T i ) of the wall was assumed to be the same as the ambient temperature. Under this assumption, the initial boundary conditions can be expressed as [START_REF] Cengel | Heat and mass transfer: fundamentals and applications[END_REF]:

T (x, y, z, t = 0) = T i = 20 • C (4.2)
The convective heat exchange (q c, i ) between the furnace (f ) and the HF of the wall is written as [START_REF] Cengel | Heat and mass transfer: fundamentals and applications[END_REF]:

q c, i = h i (T f -T HF (x, y, z, t)) (4.3) 
∂T HF ∂ n = h i (T f -T HF (x, y, z, t)) - → n (4.4)
Where h i is the convective heat transfer coefficient (temperature and location dependent to account for the heat losses from the bottom part of the wall to the reaction slab, see Fig. 4.8)

4.1. Masonry with dry joints and n is the outward normal to the surface. T HF is the hot face temperature. The radiative heat exchange (q r, i ) between the furnace and the HF is expressed as:

q r, i = S T 4 f -T 4 HF (x, y, z, t) (4.5) 
Where and S are the emissivity of the wall (taken as 0.8 for alumina spinel) and Stefan-Boltzmann constant, respectively. The convective (q c, o ) and radiative (q r, o ) heat losses from the CF of the wall to the ambient are expressed as [START_REF] Cengel | Heat and mass transfer: fundamentals and applications[END_REF]:

q out = q c, o + q r, o = h o (T CF (x, y, z, t) -T amb ) + S T 4 CF (x, y, z, t) -T 4 amb (4.6)
Where T CF is the cold face temperature and h o is the convective heat transfer coefficient between the cold face of the wall and the ambient (location dependent, taken as 9 W/m 2 .K for the top and middle portions of the CF and 18 W/m 2 .K for the bottom portion of the CF to account for heat losses to the reaction slab). The experimental and numerical time variations of the temperature of the HF and CF at different locations of the wall during load application and heating steps are shown in Fig. 4.9-a. The shaded areas in the figure present the readings of the thermocouples. Good agreements between the experimental and numerical results can be observed. The temperature distribution at the end of the heating step is presented in Fig. 4.9-b. During load application step (first 0.5 h), the temperature was equal to room temperature. Then, during the heating step, heat is transferred by convection and radiation mechanisms from the furnace to the HF of the wall. As a result, the temperature of the HF increases gradually from room temperature to around 880 °C. The high temperature gradients through the thickness of the wall are caused by the low thermal conductivity, high heat thermal capacity of alumina spinel and high heat losses from the CF to the ambient. With regard to the thermomechanical analysis, the wall has been replaced by a homogeneous material whose mechanical properties vary with the gradual closure and reopening of joints. The loading beam and the reaction slab were replaced by rigid plates. The frictional interactions between the contact surfaces of the reaction slab and the wall and between the loading beam and the wall were considered (coefficient of friction 0.5). The applied load to top loading beam is that a compressive stress of 8 MPa. The same experimental amplitude was used for load application and load holding steps. The sides of the wall were free to move during load application and holding. The temperature distributions obtained from the heat transfer analysis were employed as a thermal load in the transient thermomechanical analysis.

VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS

The experimental and numerical time variations of the displacement in the direction normal to bed joints are given in Fig. 4.10. Good agreements between the experimental and numerical results can be observed. From the figure, one can observe that in the first 0.5 h, an average negative displacement of around -3.5 mm was measured by the LVDTs and predicted by the numerical model due to uniaxial compression load application (8 MPa). Then, when the furnace was turned on and with the increase of the temperature, the wall started to expand gradually and a steady increase in the displacement, in the opposite direction, was recorded. At around 4.5 h, the thermal expansion effects of the wall over passed the impact of mechanical load application and a positive displacement was recorded by the LVDTs and predicted by the present model. the direction normal to bed joints and the direction normal to head joints was constrained by the plungers. The FE model of the wall is shown in Fig. 4.11. The x direction (1125 mm) is the direction normal to head joints while, the y direction (1100 mm) is normal to bed joints. The FE model was developed using Abaqus and the wall was meshed with 3D hexahedron elements.

The four ceramic plates, as well as the top insulation layer (ground) of the test setup have been modeled as rigid plates. The wall (bricks and joints) was replaced by a homogeneous material whose mechanical properties vary with the gradual closure and reopening of the joints. The homogeneous mechanical behavior of the wall during unloading is different from that during loading, as presented in chapter 2, and was inversely identified (due to lack of data about joints behavior during unloading). The frictional interactions between the contact surfaces of the wall and the fixed, moving rigid plates and the ground were considered (coefficient of friction of 0.5).

The boundary conditions of two fixed rigid plates, the moving rigid plate normal to head joints (x direction in Fig. 4.11) and the ground are set to fully fixed. Comparisons between the experimental and numerical force -displacement diagrams of a masonry wall subjected to uniaxial compression loading/unloading in the direction normal to bed joints are presented in Fig. 4.12. The bounds of the shaded area represent the results of the two experiments. It can be seen that the present numerical model reproduces with reasonable accuracy the displacement stiffening mechanical behavior of the wall. The reaction force increases with the increase in the applied displacement due to the gradual closure of the joints and the increase in effective stiffness with the gradual closure of joints. The displacement fields in the direction normal to bed joints at maximum load level and after load removal are given in Fig. 4.13. The arrow indicates the location of the moving plunger (in the y direction) and the lines denote the positions of the fixed plunger (in the x direction) and the two fixed rigid plates. After unloading, the wall did not recover to the initial configuration and there was be permanent deformation caused by the closure of joints, the deformation and the crushing of the asperities present at the contact surfaces of bed joints.

VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS

S04: uniaxial loading and unloading -normal to head joints at room temperature

With regard to test series S04, two refractory masonry walls with 1100 × 1125 × 140 mm 3 dimensions were tested at room temperature. The main difference between S04 and S03 is that the uniaxial compression loading (6 MPa) and unloading was applied to the direction normal to head joints while the other direction (normal to bed joints) was constrained by the ceramic plungers. The FE model of the wall is the same as that presented in Fig. 4.11. The main difference between the two FE models is the boundary conditions of the two moving plungers. The frictional interactions between the contact surfaces of the wall, the plungers and the ground were considered in the FE model. The boundary conditions of two fixed rigid plates, the moving rigid plate normal to bed joints (y direction in Fig. 4.11) and the ground are set to fully fixed. Figure 4.14 shows comparisons between experimental and numerical force -displacement diagrams of the walls subjected to uniaxial compression loading/unloading in the direction normal to head joints. The numerical model was able to predict the mechanical behavior of the wall with good accuracy. As compared to S03, the value of the displacement at maximum load level is smaller. This can be attributed to that the number of head joints in the wall is less than the number of bed joints. This leads to higher stiffness (and, therefore, less deformation at the same load level) in the direction normal to head joints as compared to the direction normal to bed joints. Fig. 4.15 shows the displacement fields in the direction normal to head joints at maximum load level and after unloading. The arrow indicates the location of the moving plunger (in the x direction) and the lines denote the positions of the fixed plunger (in the y direction) and 4. VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS the two fixed rigid plates. The wall did not go back to the initial configuration and there was permanent deformation caused by gradual closure of joints, the deformation and the crushing of the asperities present at the contact surfaces of head joints. Comparisons between the experimental and numerical force -displacement diagrams in the directions normal to bed and head joints during loading and unloading are presented in Fig. 4.16. It can be seen that the present numerical model can reproduce with reasonable accuracy the orthotropic displacement stiffening mechanical behavior of the wall. The reaction force increases with the increase in the displacement due to the gradual closure of the joints and the increase in material stiffness with gradual closure of joints. The maximum displacement in the direction normal to head joints is smaller as compared to that in the direction normal to bed joints, because the number of head joints is less than the number of bed joints.

The displacement fields in the direction normal to bed and head joints at maximum load level and after load removal are given in Fig. 4.17. The arrows indicate the locations of the moving plungers (in the x and y directions) and the lines denote the positions of the two fixed rigid plates. After unloading, the wall did not return to the initial configuration and there was permanent deformation in both directions caused by gradual closure of joints, the deformation and the crushing of the asperities present at the contact surfaces of bed and head joints. It can be seen that the temperature of the HF did not reach the desired value (1500 °C) due to low heating power provided by the heating system, high heat capacity of wall and the test The FE analysis of the wall compromises two steps: firstly, transient heat transfer analysis to compute the temperature distributions and variations with time and secondly, transient thermomechanical analysis to compute the thermomechanical stress and strain fields. The temperature fields calculated in the first step were used as a temperature load in the thermomechanical analysis. The heat transfer and thermomechanical FE models of the wall were developed using Abaqus. The physical model of the wall is similar to that of S03 (see Fig. 4.11). The average measured temperature variations with time of the HF and CF are applied as thermal boundary conditions in the heat transfer analysis. Therefore, the computed temperatures of the HF and the CF are the same as the applied temperature boundary conditions. The goal was to obtain the temperature fields through the thickness of the wall. The thermo-physical properties of the material used for the heat transfer analysis are reported in chapter 2. Comparisons between the Regarding the thermomechanical analysis, the four ceramic plates, as well as the top insulation layer (ground) of the test setup have been modeled as rigid plates. The wall (bricks and joints) was replaced by a homogeneous material whose mechanical properties vary with the gradual closure and reopening of the joints. The frictional interactions between the contact surfaces of the wall and the fixed, moving rigid plates and the ground were considered (coefficient of friction of 0.5). During heating, load application and load holding steps, the boundary conditions of two fixed rigid plates and the ground were set to fully fixed. During heating, the two moving rigid plates were free to move then, during load application and load holding steps, the measured experimental reaction forces were applied as concentrated loads to the moving rigid plates.

Comparisons between the experimental and numerical displacement -time diagrams during the loading and holding steps are given in Fig. 4. 19-a. Good agreements between the experimental and numerical results were obtained. During loading, a steady increase in the displacement can be observed. Then, during the holding step, a slight increase in the displacement can be observed due to creep. The measured displacements (in the case of S06) are higher as compared to S03 due to the low values of Young's modulus at high temperature and creep. The joints patterns in the wall by the end of the load holding step are presented in Fig. 4 Regarding test series S07, it was possible to heat the wall to the desired temperature (1500 °C) after adjusting the electrical configurations of the heating system, increasing the input power and improving the insulation of the experimental setup. The modeling technique of S07 is similar to that of S06. In the transient heat transfer analysis, the average measured temperature variations with time of the CF and HF were applied as thermal boundary conditions. Therefore, the computed temperatures of the HF and the CF are the same as the applied temperature boundary conditions. The goal was to obtain the temperature fields through the thickness of the wall during heating, load application, holding and unloading steps. These, in turn, are employed as thermal fields for the thermomechanical analysis. Comparisons between the experimental and numerical HF and CF temperature variations with time are given in Fig. 4.20. The five solid black lines represent the temperatures measured by the thermocouples in contact with the CF.

The solution domain (shown in Fig. 4.11) and the mechanical boundary conditions of the ground, fixed and moving plungers are similar to those of S06. The temperature fields of the wall as well as the deformed shape, by the end of the heating step, due to thermal expansion effects are given in Fig. 4.21. Higher values of thermal expansion near the HF as compared to the CF can be observed from the figure due to the higher temperature of the HF. As a result, the sides of the wall (in contact with the moving and fixed plungers), were not perfectly parallel to the plunger linings (wedged shape, in the depth of the wall) before the load application. 22-a presents comparisons between the experimental and numerical displacement -time diagrams during loading, holding and unloading steps. Good agreements between the numerical and the experimental results (the two performed tests in red) can be observed. During loading, a fast increase in the displacement can be observed due to gradual closure of joints with increasing the applied load. Then, during the holding step, an increase in the displacement can be observed due to creep. Finally, the displacement decreased slightly during the unloading step. After load removal, the recovered displacement was very small as compared to the displacement due to the applied load. This can be attributed to the permanent deformation resulting from the viscoplastic behavior of the structure and joints closure. By the end of the load application step, 4. VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS the displacement value is higher as compared to series S06 due to the high bulk temperature of the specimen and, therefore, lower values of Young's modulus and higher creep rates as compared to series S06.

Figure 4.22-b shows an example of time variations of the stresses (from the end of heating step to the end of unloading step) in the direction normal to bed joints (σ bed ), 15 millimeters from the HF and the CF. By the start of the loading step, the HF carries almost all the applied load due to the wedged deformed shape of the wall (shown in Fig. 4.21) caused by the thermal expansion and the temperature gradient through the thickness of the wall. With the increase of the applied load and the deformation of the zone near the HF, the contact area between the moving plungers and the sides of the wall started to increase and, therefore, the stresses in the CF as well. After reaching the maximum load level and due to the lower creep rate in the CF (due to the lower temperature) as compared to the HF, a decay in σ bed HF was observed due to stress relaxation. On the other hand, an increase in the σ bed CF was observed and, then, remained almost constant during the holding time.

The joints pattern in the wall and the displacement in the loading direction (normal to bed joints) by the end of the holding step are presented in Fig. 4.23. In the HF, almost all bed and head joints are closed (pattern AC). The closure of head joints is caused by the Poisson's effects and the creep (in direction normal to the loading direction). In the CF, almost all bed and head joints were closed while some head joints remained open (patterns AC and HO). 

S08: uniaxial creep behavior -normal to head joints

The major difference between S08 and S07 is that the uniaxial compression load was applied to the direction normal to head joints while the other direction was constrained by the ceramic plungers (direction normal to bed joints). The modeling technique of S08 is similar to that of S07. Firstly, transient heat transfer analysis have been carried out to compute the temperature fields of the wall during heating, load application, load holding and unloading. Secondly, the temperature fields are employed as thermal fields for the thermomechanical analysis. The temperature variations with time of the CF and HF are similar to those reported in Fig. 4.20 (also in the case of S09 and S10 reported below, its similar). The temperature fields of the wall as well as the deformed shape, by the end of the heating step, due to thermal expansion effects are similar to those reported in Fig. 4.21 (also in the case of S09 and S10 reported below, its similar).

The physical model of the thermomechanical analysis is the same as that reported in Fig. 4.11. The four ceramic plates, as well as the top insulation layer (ground) of the test setup have been modeled as rigid plates. The frictional interactions between the contact surfaces of the wall and the fixed, moving rigid plates and the ground were considered. During heating, load application and load holding steps, the boundary conditions of two fixed rigid plates and the ground are set to fully fixed. During heating, the two moving rigid plates were free to move then, during load application, load holding and unloading steps, the measured experimental reaction forces were applied as concentrated loads to the moving rigid plates.

Comparisons between the experimental and numerical displacement -time diagrams during loading, holding and unloading steps are given in Fig. 4.24-a. As the test was performed once, the displacements measured by the three LVDTs are given (three red lines). Good agreements between the numerical and the experimental results can be observed. During loading, a fast increase in the displacement can be seen due to the gradual closure of joints with increasing the applied load. Then, during the holding step, an increase in the displacement can be observed due to creep. Finally, the displacement decreased slightly due to unloading. After load removal, the recovered displacement is very small as compared to the displacement measured during load 4. VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS application step. This is caused by the viscoplastic deformation and closure of joints.

As compared to S04, higher values of the displacement can be observed due to the lower values of Young's modulus at high temperature and viscoplasticity. It should be noted that in case of test series S07 and test series S08, the increase in the displacement during the holding time is almost equal. This can be attributed to that, in both cases, after load application the joints in the loading directions (bed joints in the case of S07 and head joints in the case of S08) are almost closed and, as explained in chapter 3, when joints are closed the behavior of the wall is similar to that of the bricks (i.e. similar behavior in both cases).

An example of the time variations of the stresses (from the end of the heating step to the end of the unloading step) in the CF and HF in the direction normal to head joints (σ head ) are reported in Fig. 4.24-b. As compared to S08, similar trends of σ head CF and σ head HF can be observed. These trends can be explained in a similar way to that of series S07 (more details are reported above, section 4.1.6). The joints patterns in the wall and the displacement in the loading direction (normal to head joints) by the end of the holding step are presented in Fig. 4.25. In the HF and CF, almost all head joints are closed (pattern BO). Some bed joints near the moving plunger (perpendicular to the loading direction) are closed (pattern AC). These joints closed due to the applied reaction force (that was measured in the experiment) in the direction normal to bed joints. 

S09: biaxial creep behavior

In this test series, two refractory masonry walls with 1100 × 1125 × 140 mm 3 dimensions were tested at high temperature. The modeling technique of S09 is similar to that of S07 and S08. Transient heat transfer analysis have been carried out to compute the temperature fields during heating and testing. Then, the temperature fields are employed as thermal loads in the transient thermomechanical analysis. The physical model of the thermomechanical analysis is the same as that reported in Fig. 4.11. During heating, load application, load holding and unloading steps, the boundary conditions of two fixed rigid plates and the ground are set to fully fixed. During heating, the two moving rigid plates were free to move then, during load application, load holding and unloading steps, the measured experimental reaction forces, in both directions, were applied as concentrated loads to the moving rigid plates.

Comparisons between the experimental and numerical displacement -time diagrams in the directions normal to bed and head joints during loading, holding and unloading steps are shown in Fig. 4.26-a. Good agreements between the experimental and numerical results can be observed. During load application step, and for both directions, an increase in the displacement due to the gradual closure of joints can be observed. The maximum displacement in the direction normal to bed joints is higher as compared to that in the direction normal to head joints due to the difference between the number of bed and head joints in the wall.

An example of the time variations of the stresses (from the end of heating step to the end of unloading step) in the CF and HF in the direction normal to bed and head joints (σ bed and σ head ) are reported in Fig. 4.26-b. As compared to S07 and S08, similar trends of σ bed CF, HF and σ head CF, HF can be observed. These trends can be explained in a similar way to that of series S07 (more details are reported above, section 4. 

S10: biaxial relaxation behavior

The goal of test series S10 was to investigate the relaxation behavior of the wall (constant strain loading conditions). The modeling technique is similar to that of S07, S08 and S09 (transient heat transfer analysis then, transient thermomechanical analysis). The physical model of the thermomechanical analysis is the same as that reported in Fig. 4.11. During heating, the mechanical boundary conditions of the plungers and the ground are similar to those of S09.

During loading, the boundary conditions are almost the same as S09 with only one difference, displacement boundary conditions were applied to the moving plungers and kept constant during the holding time.

Comparisons between the experimental and numerical time variations of the resulting reaction forces, in the directions normal to bed and head joints, during the two loading cycles are reported in Fig. 4.29. During loading (1 st cycle), the resulting reaction forces increased gradually to reach around 600 kN. Then, when the position of the plungers is locked, a decay in the resulting reaction forces was observed due to the relaxation behavior of the wall. In the beginning of the holding stage, a significant decrease in the reaction forces can be observed. Similar behavior was noticed for both loading cycles.

The joints patterns in the wall by the end of the holding step and after unloading of the two loading cycles are presented in Fig. 4.30. It can be seen that some joints reopen after unloading. In addition, the percentage of the closed joints in the second loading cycle (Fig. 4.30-c) is higher as compared to that of the first loading cycle (Fig. 4. 30-a). This can be attributed to the higher load applied to the wall in the second loading cycle as compared to that of the first loading cycle. 

Masonry with mortar joints

In order to validate the current models, comparative studies with numerical and experimental results available in the literature were performed. Traditionally, the experimental results of two specific tests of masonry walls are widely used by the masonry community for the calibration of the numerical models. The two tests are: masonry subjected to in-plane shear performed by Raijmakers and Vermeltfoort [11] and masonry subjected to bending load (also called deep beam tests) carried out by Page [12]. Both experimental tests were carried out at room temperature.

Masonry with mortar joints

Therefore, in the present multi scale model, the mechanical behavior of the base material of the bricks and the mortar is assumed elastic whereas, the behavior of the brick/mortar interface is damageable.

Masonry subjected to in-plane shear load

Schematic of the masonry wall with mortar joints subjected to combinations of uniaxial precompression and shear loading are depicted in Fig. 4.31 [11]. Solid clay bricks with length of 210 mm, height of 100 mm and depth of 52 mm were periodically arranged in a running bond texture.

The thickness of the mortar joints was 10 mm. The size of the wall was 1000 × 990 × 52 mm 3 and it was made up of 18 courses, 16 of them were active and 2 were fixed to the stiff steel beams (the 2 courses in contact with the steel beams, the top and bottom ones, see Fig. 4.31).

The mechanical parameters of the bricks, the mortar and the brick/mortar interface are reported in table 4.3. The testing procedures were as following: first, a pre-compression vertical load of 30 kN (0.3 MPa) was applied to the top steel beam. Then, it has been kept under displacement control and no vertical movements were allowed. Finally, a monotonically increasing horizontal displacement (u h ) was applied to the right surface of the top steel beam. The test was repeated 2 times and, for each test, the force-displacement relationship and the crack patterns were recorded. The finite element model has been developed using Abaqus and the wall has been meshed with 3D hexahedron elements (see Fig. 4.31). The two steel beams were replaced by rigid plates and no relative displacements between the contact surfaces of the rigid plates and the masonry were allowed. The masonry (bricks and mortar joints) was replaced by a homogeneous equivalent material model whose mechanical properties depend on the state of bed and head mortar joints (damaged or undamaged). The effective mechanical parameters of the four joint patterns were computed using the mechanical homogenization technique described in chapter 3 and are reported in table 4.4. Comparisons between load displacement diagrams obtained using the present multi scale 4.2. Masonry with mortar joints model and those obtained by the micro numerical model of Lourenço et al. [START_REF] Lourenço | Two approaches for the analysis of masonry structures: micro and macro-modeling[END_REF], multi scale numerical model of Marfia and Sacco [START_REF] Marfia | Multiscale damage contact-friction model for periodic masonry walls[END_REF] and experimental data of Raijmakers and Vermeltfoort [11] are reported in Fig. 4.32. It can be noticed that the present multi scale numerical model reproduced, with reasonable accuracy, the mechanical behavior of the masonry structure under combined compression and shear loading. The crack patterns of the two experimental tests and those obtained using the present multi-scale numerical model are presented in Fig. 4.33.

VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS

Good agreements between the experimental and numerical results can be observed. Horizontal cracks (through bed joints) at the top and the bottom of the wall as well as a diagonal cracks through bed and head joints can be observed. The diagonal crack appears first at the middle of the wall and then grows in the directions of the steel beam supports. It should be noted that the percentage of damaged joints predicted by the numerical model is higher as compared to the experimental results. Because the experimental crack patterns were investigated using naked eye. That means in case of damaged joints with very small opening (damaged joint thickness), they might not be observed. However, in the numerical model, the damaged joints are captured automatically. 

Masonry subjected to bending load

In 1978, Page [12] performed bending tests of masonry walls with mortar joints as described in Fig. A vertical force (P ) was applied to the top stiff beam. The experimental force -displacement diagrams were not reported by Page [12]. However, the calculated vertical stress distributions near mid height of the wall are available. In the finite element model, no relative displacements between the supports and the wall were allowed and the masonry wall was meshed with 3D hexahedron elements (see Fig. 4.34). The masonry (bricks and mortar joints) was replaced by a homogeneous equivalent material model whose mechanical properties depend on the state of bed and head mortar joints (damaged or undamaged). The effective mechanical parameters of the four joint patterns were computed using the mechanical homogenization technique described in chapter 3 and are reported in table 4.6. Vertical stress fields in masonry walls subjected to two levels of the vertical force (P ) are shown in Fig. 4.35. As can be observed from the figure, two large compression stress arms are present between the two ends of the loading steel beam and the supports. The maximum values of compressive stresses are found near the ends of the loading beam and the supports. Comparisons between vertical stresses distribution obtained using the present numerical model and those obtained by the micro numerical model of Lourenço [START_REF] Lourenço | Computational strategies for masonry structures[END_REF], homogenized model of Lopez et al. [START_REF] Lopez | A homogeneous constitutive model for masonry[END_REF] and experimental data of Page [12] are reported in Fig. 4.36. Good predictions of the experimental behavior were obtained by the present multi-scale numerical model. The predicted crack patterns are reported in Fig. 4.37. The experimental crack patterns were not recorded. Tensile failure of head joints in the lower course of the masonry (between the two 4.2. Masonry with mortar joints 

Masonry with elastic viscoplastic damageable behavior

The focus now is to model masonry structures with mortar joints subjected to bending and to take into account joints opening due to loading and their impact on the elastic viscoplastic behavior of masonry structures (i.e. masonry with elastic viscoplastic damageable behavior). Due to lack 4.2. Masonry with mortar joints of experimental data of masonry with mortar joints at high temperature, only numerical results are reported here. Schematic of the masonry structure subjected to bending in the y direction as well as the boundary conditions are presented in Fig. 4.34. Refractory bricks with length of 150 mm, height of 76 mm and depth of 50 mm are periodically arranged in a running bond texture. The thickness of the mortar joints is 2 mm. The base material of the bricks is Bauxite based refractories with material parameters reported in chapter 3 (table 3.1). The effective mechanical parameters (elastic and viscoplastic) of the four joint patterns are reported in chapter 3 (table 3.3). Two loading-holding conditions have been considered to predict the creep and stress relaxation behavior of the structure, namely constant displacement load (stress relaxation) and constant force load (creep). The loading and holding steps are as follows: first, displacement or concentrated force load has been applied to the loading beam then, kept constant for a specific time. Time variations of vertical displacement of point A (see Fig. 4.38-a) in a masonry structure subjected to two levels of force (P), loading then holding, in the vertical direction are presented in Fig. 4.38-a. It can be observed that vertical displacement, in the loading direction, increases instantaneously due to load application, then increases at constant rate due to creep. In addition, the displacement increases with the increase of the applied force (P), because the viscoplastic strain rate increases with the increase of the stress (i.e. force). Time variations of vertical reaction forces in a masonry wall subjected to two levels of strain rate, loading then holding, in the vertical direction are presented in Fig. 4.38-b. It can be seen that the vertical reaction force increases to reach the peak by the end of loading step. Then, during the holding step, it decreases due to stress relaxation in the structure. 

Conclusion

This chapter was devoted to the validation of the developed multi scale numerical models of masonry with dry or mortar joints presented previously in chapter 3. The multi scale numerical model of masonry with dry joints has been used to predict the mechanical behavior of alumina spinel refractory masonry subjected to a wide range of loading conditions including: uniaxial compression in the direction normal to bed joints at room and high temperature, uniaxial compression in the direction normal to head joints at room and high temperature and biaxial TRANSIENT NONLINEAR

THERMO-MECHANICAL MODELING OF A STEEL LADLE

The present chapter is dedicated to transient nonlinear thermo-mechanical modeling of an industrial steel ladle. The constitutive material models of masonry with dry or mortar joints developed in chapter 3, validated in chapter 4 were used to represent the different masonry linings in the steel ladle. Details about the physical model of the studied ladle, materials and masonry type used for each linings are given in section 5.1. Descriptions of a typical thermal cycle of steel ladles and related cyclic thermal heating and cooling are presented in section 5.2. Details about the transient heat transfer analysis of the steel ladle and related thermal boundary conditions, governing equations and mechanical boundary conditions are described in section 5.3. The results and discussions of the transient heat transfer and thermomechanical analysis are presented in section 5.4. The conclusion of the present chapter is given in section 5.5.

Physical model and materials

Refractories are the best candidate materials for the steel ladle application due to their low thermal conductivity, thermal, chemical, and mechanical stability at high temperatures. To meet the mechanical, thermal and operational requirements, different refractory layers are used for the construction of the ladle. Each layer has a specific purpose and has unique thermo physical and mechanical properties. In the studied ladle, the different layers include a working lining, a safety lining (also called permanent lining), an insulation layer and a steel shell (see Fig. 5.1). The working lining is made of mortarless refractory masonry. The safety lining is built up with a dense refractory masonry with mortar joints with low thermal conductivity. The insulation layer (with 5 mm thickness) is made of a porous material with very low thermal conductivity. The mechanical and thermo physical properties of each layer are reported in table 5.1, where ρ is the density, C p is the specific heat, k is the thermal conductivity, Y is Young's modulus, and 5. TRANSIENT NONLINEAR THERMO-MECHANICAL MODELING OF A STEEL LADLE CTE is the coefficient of thermal expansion. The thermo-physical and mechanical properties of the working lining and the bottom are reported in chapter 2 (alumina spinel). For the safety lining, the shear failure criteria of the brick/mortar interface were determined using slanted shear tests (similar to those performed by Brulin et al. [START_REF] Brulin | Methodology for brick/mortar interface strength characterization at high temperature[END_REF]). The cohesion of the brick/mortar interface is equal to 0.73 MPa at 20 °C and 1.26 MPa at 600 °C. The internal friction angle is equal to 40°a nd Young's modulus of the mortar is equal to 1000 MPa (assumed due to lack of data). A typical industrial scale steel ladle has complex geometry and is composed of refractory linings, steel construction components, valves, purging plugs, lifting points, etc. In order to reduce the computational time and, as the main aim of the present work is to analyze the thermomechanical behavior of the refractory linings, some detailed features such as valves, nozzles, and purging plugs have been neglected. In addition, due to the symmetry of the studied ladle, only one quarter has been considered. The simplified physical model of the studied steel 5.2. Process description ladle is presented in Fig. 5.1. The height and diameter of the ladle are 5 and 4.6 m, respectively. The thickness of each layer is given in mm and reported in Fig. 5.1 (except the insulation layer, 5 mm between the steel shell and the safety lining). 

Process description

In the steel industry, steel ladles are used to transport liquid steel from electric arc furnaces or converters to continuous casting machines. In addition, they are used as refining units. While holding liquid steel, other processes occur in parallel such as degassing and alloying. During these processes, the ladle is exposed to different thermal and mechanical operating conditions. A typical thermal cycle of steel ladle refractory linings includes:

• Step 1: preheating the working lining using natural gas burner (to around 1400 °C).

• Step 2: slight temperature decrease due to thermal losses while moving from the preheating device to the converter and waiting for liquid steel tapping. • Step 3: sudden temperature increase due to tapping liquid steel into the ladle. • Step 4: gradual temperature drop due to teeming liquid steel out of the ladle, thermal losses during linings check and, if required, linings repair. Further details on the thermal modeling of the steel ladle thermal cycle, governing equations and boundary conditions of each step are given in section 5.3.

Thermal and mechanical modeling

During the previously described thermal cycle, the temperature distribution of the ladle varies with time and can be obtained by solving the transient form of the energy equation (equation 4.1). The initial temperature (T i ) of all material layers in the ladle is assumed to be the same as the 5. TRANSIENT NONLINEAR THERMO-MECHANICAL MODELING OF A STEEL LADLE ambient temperature. Under this assumption, the initial boundary conditions can be expressed using equation 4.2.

During the first step, a natural gas burner is used to heat the inner surfaces of the ladle from the ambient temperature to around 1400 • C. The time period for this step is around 6.5 h [START_REF] Santos | Enhanced numerical tool to evaluate steel ladle thermal losses[END_REF]. The dominant heat transfer mode to the lining surfaces is radiation with only conduction occurring within the thickness of the different layers. Modeling radiative heat transfer between the burner and the lining surfaces requires solving the full Navier-Stokes and the energy conservation equations that govern the combustion process. This necessitates long computation time and lies outside the scope of the present work. A simple approach that can reasonably simulate the transient thermal response of the ladle during preheating is to consider convective heat transfer between a heat transfer fluid (HTF) and lining surfaces. The temperature of the HTF (T hf ) is assumed to be 1600 • C. The convective heat flux on the internal surfaces (q i1 ) of the ladle can be expressed as [START_REF] Cengel | Heat and mass transfer: fundamentals and applications[END_REF]:

q i1 = h i1 (T hf -T (R, θ, Z, t)), ∂T i1 ∂ → n = h i1 (T hf -T (R, θ, Z, t)) → n , (5.1) 
where h i1 is the convective heat transfer coefficient during step 1 (its value is temperature dependent, see Fig. 5.2-a) and → n is the outward normal to the surface. The radiative and convective thermal losses (q e ) from the outer surfaces of the steel shell to the ambient can be written as [START_REF] Cengel | Heat and mass transfer: fundamentals and applications[END_REF]:

q e = h e (T sh (R, θ, Z, t) -T amb ) + S T sh 4 (R, θ, Z, t) -T amb 4 , (5.2) 
where T amb , , S, and T sh are the ambient temperature (20 • C), emissivity (0.8), Stefan-Boltzmann constant, and steel shell outer surface temperature, respectively. h e is the convective heat transfer coefficient between the steel shell outer surface and the ambient (10 W/m 2 K). This boundary condition has been applied to the external surfaces during the whole steps of the thermal cycle of the ladle. During step 2, the steel ladle is moved from the heating device to the converter or to the electric arc furnace and waits to receive the liquid steel. The duration of this step may reach 15 min. During this period, the inner and outer surfaces of the ladle exchange heat with the environment by convection and radiation mechanisms. Heat losses of the external surface are expressed by equation (5.2), whereas heat losses from the internal surfaces (q i2 ) are written as:

q i2 = h i2 (T i (R, θ, Z, t) -T env. ) + S T 4 i (R, θ, Z, t) -T env . 4 , (5.3) 
with h i2 (its value is temperature dependent, see Fig. 5.2-b), T i , and T env. denoting the heat transfer coefficient during step 2, internal surfaces temperature, and environmental temperature (900 • C, the hot air inside the ladle), respectively. After step 2, liquid steel (with T s = 1650 • C) is poured inside the steel ladle, leading to a sudden increase in lining temperature (thermal shock). During this step, other processes may occur in parallel (degassing, alloying, etc.), and the total duration of this step is assumed to 5.3. Thermal and mechanical modeling be 2 h. During this period, heat is transferred from the liquid steel to the linings mainly by convection [START_REF] Xia | Transient flow and heat transfer in a Steelmaking ladle during the holding period[END_REF]. The convective heat flux on the internal surfaces (q i3 ) can be expressed as:

q i3 = h s (T s -T i (R, θ, Z, t)) . (5.4) 
Where h s is the convective heat transfer coefficient between the liquid steel and the inner surfaces of the ladle. A very high value of h s (2000 W/m 2 K) was used in order to obtain the sudden temperature increase of the lining. This value is taken from [START_REF] Santos | Enhanced numerical tool to evaluate steel ladle thermal losses[END_REF].

Regarding the last step of the thermal cycle (step 4), liquid steel is drained out of the ladle. The temperatures of the ladle's internal and external surface decrease gradually due to thermal losses to the ambient. The heat losses during this step are considered similar to those of step 2. It should be noted that the heating and cooling rates during the four steps of the thermal cycle are different, as, according to Equations (3), ( 5) and ( 6), they are functions of the temperature of the internal surfaces. For example, in the beginning of the first preheating (1 st step of 1 st thermal cycle), the heating rate is very high as compared to the heating rate at the end of the same step.

The thermal model for steel ladle shown in Fig. 5.1 has been developed using Abaqus software. Then, weak thermomechanical coupling was used for the thermomechanical analysis. The computed temperature distributions have been used as a thermal load for the transient thermomechanical models.

Symmetry boundary conditions have been applied to the symmetric planes of the physical model of the ladle. The outer surface of the steel shell's bottom was assumed to be fixed in the vertical direction (z-direction in Fig. 5.1). The weight and hydro-static pressure of the liquid steel were neglected as their impacts on resulting stresses are very small (around 1 MPa) as compared to the impact of the thermal expansion of the bricks (around 100 MPa in some cases). The frictional interactions between the different layers of the ladle are considered in the numerical model using surface to surface contact in Abaqus (coefficient of friction 0.5). Several 5. TRANSIENT NONLINEAR THERMO-MECHANICAL MODELING OF A STEEL LADLE constitutive material models were used for describing the mechanical behaviors of the working (masonry with dry joints) and the safety (masonry with mortar joints) linings. More details about the employed material models are given later in this chapter in section 5.4.3. 

Results and discussion

Results and discussion

Table 5.2: Summary of the three simulated thermal cycles of the steel ladle: time period of each step and corresponding points in Fig. 5.3.

First cycle Second cycle Third cycle Duration (h) Points Duration (h) Points Duration (h) Points

Step 1 Comparisons between temperature gradient through the thickness of the steel ladle's wall and bottom at the end of step 2 and end of step 4 of the first three full steel ladle's thermal cycles are shown in 5.5. For the second and third thermal cycles, after preheating, the temperature of the working lining is slightly higher when compared to the temperature at the end of the first preheating (points f and j as compared to point b in Fig. 5.3). Similarly, the working lining temperature at the end of step 2 (points g and k in Fig. 5.3) and 4 (points i and m in Fig. 5.3) of production cycles 2 and 3 is slightly higher than that of the first thermal cycle (point c at end of step 2 and point e at end of step 4 in Fig. 5.3). This behavior is caused by the overall temperature increase of the ladle after the first preheating cycle (see Fig. 5.5). It should be mentioned that during the first step of the three simulated production cycles, the inner surface temperature of the bottom is slightly higher than that of the wall. In addition, the steel shell bottom outer surface temperature is lower compared to that of the steel shell wall. This can be explained by the fact that the thickness of the working and safety lining at the bottom is higher than that at the wall.

Joints closure and reopening

An example of the gradual closure and reopening of the joints due to temperature fluctuations during the three thermal cycles of the steel ladle is shown in Fig. 5.6 (for a working lining without viscoplasticity -case B in table 5.3). Initially (at time = 0 s), bed and head joints are 

Stress fields

After computing the temperature distributions during the three complete thermal cycles of the ladle, some parametric studies have been carried out to investigate the impacts of dry joints thickness, joints behavior (natural or perfect) and the employed material behavior laws for the different layers of the ladle on the resulting thermomechanical response. Summary of the six simulated case studies are given in table 5.3. We start with the simplest case (A) and, then, add more complexities and details to the numerical model, trying to obtain reasonable values of thermomechanical stresses. For all the case studies, the temperature distributions presented in section 5.4.1 were used as thermal load in the thermomechanical analysis. Therefore, the resulting differences in the thermomechanical response are caused mainly by the different constitutive models employed in the thermomechanical analysis.

In previous work of the author [START_REF] Ali | Transient thermo-mechanical analysis of steel ladle refractory linings using mechanical homogenization approach[END_REF], it has been shown that the linings are subjected to a biaxial stress state and the out of plane stresses are negligible as compared to the in-plane stresses. Therefore, the comparisons of the resulting thermomechanical stresses (for the six simulated cases) were carried out in terms of resulting in-plane stresses at mid height of the wall HF (2500 mm), the center of the bottom HF (R = 0 mm) and von Mises stresses in the steel shell outer surfaces (mid height of the wall and bottom center). 

TRANSIENT NONLINEAR THERMO-MECHANICAL MODELING OF A STEEL LADLE

Impacts of dry joints thickness

In the case A, the dry joints in the working lining and the mortar joints in the safety linings were neglected. All the layers of the ladle were modeled using simple isotropic linear elasticity. This case is considered as the reference case. To investigate the impacts of dry joints thickness on the resulting thermomechanical stresses, three cases were simulated (B, C and D). The joints behavior was considered as perfect (i.e. gradual closure of joints and increase of effective stiffness with joints closure were neglected). As mentioned in chapter 3, perfect joints with almost controlled thickness can be artificially generated by inserting cardboard spacers between the contact surfaces of the bricks and, in this case, joints can be considered as either open or closed. Therefore, the initial mechanical behavior of the working lining is orthotropic (due to the presence of open joints). To avoid the contribution of viscoplasticity, plasticity of the steel shell, the damage of mortar joints (in the safety linings) and for better understanding of the impact of joints thickness on resulting thermomechanical stresses, the mechanical behaviors of the other layers were considered as isotropic and purely elastic. Time variations of the thermal stresses in the hot face of the wall (middle, H = 2500 mm) and bottom (center, R = 0 mm) of the working lining for different values of bed and head joint thickness (cases B, C and D), as well as the isotropic representation of the masonry (case A), during the first three thermal cycles are shown in Fig. 5.7. In general, it has been observed that the resulting thermal stresses increase with the increase in temperature, decrease with the increase of joint thickness, and their trends are similar to those of the temperature during the four steps of the ladle thermal cycle. In addition, the isotropic assumption of mortarless masonry leads to an overestimation of resulting thermal stresses.

During the first step, thermal stresses increase with the increase in temperature and thermal expansion of the bricks. Then (during step 2), they decrease slightly due to the temperature decrease and contraction of the bricks. The maximum value of thermal stresses is reached when liquid steel is tapped in the steel ladle. This is because of the sudden increase in temperature.

Results and discussion

During step 4, they decrease again with the decrease in temperature. Finally, this trend is repeated. One can notice that the hot face is under high compressive stresses. This result may be explained by the fact that the temperature of the hot face is higher than the temperature of the other layers and it tends to expand faster than the safety, insulation layers, and the steel shell. Time variations of the von Mises stresses in the steel shell (bottom and wall) for different values of bed and head joint thickness (cases B, C and D), as well as isotropic representation of the masonry (case A) are given in Fig. 5.8. Overall, it has been observed that the von Mises stresses increase with the increase in temperature, decrease with the increase of joint thickness, and their trends are similar to those of the temperature during the four steps of the ladle thermal cycle. Based on the above results, it can be concluded that increasing joint thickness leads to a decrease in the resulting thermal stresses in the bottom and the wall of the working lining, as well as the steel shell. Increasing joint thickness allows the bricks to expand freely (until closure of 5. TRANSIENT NONLINEAR THERMO-MECHANICAL MODELING OF A STEEL LADLE joints), resulting in lower values of thermal stresses. After the closure of joints, thermal stresses increase at higher rates. This phenomenon can be noticed in Fig. 5.7 -b and d for joint thickness 0.5 mm. In the first 500 s, as joints thickness is higher than zero during this period (therefore, considered open), the values of the resulting thermal stresses are very small (almost zero). 

Impacts of dry joints behavior

In most cases, cardboard spacers are not used while building the linings and natural joints are generated between the bricks by the dimensional, shape tolerances and surface roughness of the bricks. Therefore, a numerical simulation (case E) with natural joint behavior was carried out. For natural joints, as shown previously in chapters 2 to 4, the gradual closure of joints and the related gradual increase in the effective stiffness of the masonry with the closure of joints are considered. Case E may help in understanding the impacts of joint behavior on the resulting thermomechanical stresses. The considered joint behavior is similar to that presented in chapter 4. Indeed, the real joints behavior of the tapered shaped bricks (used for building the working lining) could be different from that of the cuboid bricks presented in this work. However, based on the available data, the assumption of similar joints behavior can be acceptable. Time variations of the thermal stresses in the HF of the wall (middle, H = 2500 mm) and bottom (center, R = 0 mm) of the working lining for bed and head joints with natural behavior (cases E), as well as perfect joints behavior (cases C and D), during the first three heating cycles are shown in Fig. 5.9. Time variations of the von Mises stresses in the wall and the bottom of the steel shell for joints with perfect and natural behavior during the first three thermal cycles of the steel ladle are given in Fig. 5.10. In general, for masonry with natural joints behavior, similar For the same joint thickness (0.5 mm), using masonry with natural joints behavior results in higher values of resulting thermomechanical stresses. This can be attributed to that in the case of perfect joint, the in-plane effective stiffness of the masonry is almost zero and remains very small until full closure of joints (i.e. there is a sudden jump in the effective stiffness when full closure happens and the values of resulting stresses are almost zero before full closure of joints). On the other hand, for natural joints, the in-plane effective stiffness increases gradually with the gradual closure of joints and reaches the maximum value (same as that of the brick) when joints are fully closed. Based on these results, it can be recommended that decreasing the dimension 5. TRANSIENT NONLINEAR THERMO-MECHANICAL MODELING OF A STEEL LADLE errors of the bricks and generating artificial joints using cardboard spacers could be better in terms of resulting thermomechanical stresses. Moreover, as presented in chapter 2, natural joints (caused mainly by the dimension errors of the bricks) leads to stress concentrations at the middle of the bricks and a significant reduction in the load bearing capacity of the masonry. 

Linings with elastic-viscoplastic behavior

In the last case study (case F), the working and safety linings of the steel ladle are modeled using more accurate behavior laws. The orthotropic elastic viscoplastic behavior of refractory masonry with dry joints is considered. The von Mises plasticity theory was used to model the plastic behavior of the steel shell. One of the main challenges in this simulation is related to the lack of important data to define the temperature and corresponding yield stress at which the behavior of the masonry changes from elastic to elastic viscoplastic (creep starting temperature and corresponding yield stress). These data should be determined experimentally and should be available to build a realistic and accurate numerical model. In the case of refractories and for temperatures above or equal to 1000 °C, it has been usually assumed that the yield stress is equal to zero [START_REF] Blond | Modelling of high temperature asymmetric creep behavior of ceramics[END_REF][START_REF] Jin | Compressive creep testing of refractories at elevated loads-Device, material law and evaluation techniques[END_REF][START_REF] Teixeira | A creep model with different properties under tension and compression -Applications to refractory materials[END_REF] (i.e. creep starts at any value of stress). In the case of alumina spinel, no creep parameters, creep starting temperature and corresponding yield stress data are available for temperatures below 1300 °C. It has been shown that, in chapter 2, at 1200 °C and under 6 MPa compressive load, the creep strain was insignificant as compared to higher temperatures. However, this conclusion was based on lower value of applied compressive stress as compared to the values of stresses observed here (steel ladle simulation) and the ultimate compressive stress of the material (25 MPa). Therefore, due to the lack of the required data, it has been assumed 5.4. Results and discussion that the creep starting temperature is 1200 °C (same creep parameters as 1300 °C) and the yield stress was set to zero. Time variations of the thermal stresses in the hot face of the wall (middle, H = 2500 mm) and bottom (center, R = 0 mm) of the working lining for case E and F, as well as the isotropic elastic representation of the masonry (case A), during the first three thermal cycles of the ladle are shown in Fig. 5.11. In general, it has been observed that, in the first four hours, the resulting compressive thermal stresses in the case F are similar to that in the case E. Next, in the case F, the stresses decreased sharply (when the temperature reached the set value of creep starting temperature) to around -5 MPa due to stress relaxation. Then, they remained at this value till the end of the preheating stage. During the second step of the first thermal cycle and with the decrease of the temperature, the stresses changed from compressive to tensile. This can be attributed to the contraction of the bricks with the decrease in the temperature. By the start of the third step (liquid steel tapping), the stresses changed the sign again from tensile to compressive stresses due to the sudden increase in the temperature. During the same step, a decay in the stresses was observed due to stress relaxation. Finally, during the fourth step, the stresses changed from compressive to tensile due to heat losses and contraction of the bricks. The same trends have been observed for the second and third thermal cycles of the ladle. Similar results were obtained using the micro modeling technique developed within the framework of ATHOR project at University of Leoben.

The stress levels obtained here are still unrealistic, because they are higher than the ultimate compressive strength of the material (25 MPa at 1000 °C). Future numerical studies to optimize some geometrical parameters of the ladle, considering the real geometry of the ladle and materials (ramming mix, different materials used for the slag zone, the bottom and the working lining) are required. For the studied ladle, it has been assumed that the material of the slag zone, the bottom and the working lining is the same (due to lack of thermo-physical and mechanical properties of other materials). However, in reality, they are different. Moreover, the creep starting temperature and corresponding yield stress used in the model are another important factors that impacts the resulting thermomechanical stresses during the first four hours. For example, lowering the creep initiation temperature to 800 °C and having the corresponding creep parameters and yield stress would result in a reduction in the thermomechanical stresses. Moreover, the sudden decrease of stresses (once reaching the creep temperature set value) may not occur in reality. Including the creep impacts at lower temperatures would lead to gradual decrease of stresses instead of the sudden decrease noticed here. However, this requires experimental characterization and inverse identification of the creep parameters of the material at lower temperatures. Future experimental studies to investigate the creep behavior at lower temperatures and include its effects on the numerical model are planned.

The change of stress sign from compressive to tensile leads to reopening of dry joints in the HF of the wall and the bottom. On the other hand, the change of its sign from tensile to compressive leads to re-closure of the reopened joints. More explanations and insights are given for the first and second changes of stress sign reported in Fig. 5.11 as following. Figure 5.12 shows the joint patterns in the working lining and the bottom at the end of step 2 (first temperature drop after first preheating), 500 seconds from the beginning of step 3 (first liquid steel tapping into the ladle -sudden temperature increase) and end of step 4 (temperature drop due to teeming liquid steel out of the ladle and waiting time for linings check and repair). It can be seen that with the temperature drop and change of stress sign, almost all joints in the HF of the bottom and the wall reopened (see Fig. 5.12-a). Then, the reopened joints close again when liquid steel is tapped into the ladle (see Fig. 5.12-b). Finally, with the second temperature decrease and the change of stress from compression to tension, joints in the HF reopen (see Fig. It should be noted that changing the constitutive material models of the different layers of the ladle and the steel shell leads to a change in the von Mises stress distribution. Therefore, comparing the von Mises stress variations with time of a specific point may result in less accurate conclusion. A judicious comparison could be made in terms of the maximum value of von Mises stress in the entire steel shell. The maximum value of von Mises stresses in the steel shell, obtained numerically, was always located in the barrel zone (top zone of the steel shell wall) of the steel ladle. In real steel ladles, damage and high deformation of this zone were also observed 5.4. Results and discussion (see Fig. 5.16). A comparison between the maximum value of von Mises stresses for the six studied cases is presented in Fig. 5.17. The yield and ultimate tensile strength of steel are 250 and 400 to 550 MPa, respectively. The highest value of von Mises stress was obtained using the isotropic representation of the working linings (case A). On the other hand, the lowest value was obtained when more accurate material models of the working, the safety linings and the steel shell were employed. In addition, it can be seen that increasing the dry joints thickness leads to a decrease in the maximum value of Mises stress in the barrel zone. Based on the above results, it can be concluded that either the isotropic assumption of mortarless masonry or orthotropic elastic assumption leads to overestimation of resulting thermal stresses. In addition, it can be concluded that the most critical stage of the ladle thermal cycle 5. TRANSIENT NONLINEAR THERMO-MECHANICAL MODELING OF A STEEL LADLE is the first preheating. Using a material with lower values of coefficient of thermal expansion could help in reducing the resulting thermomechanical stresses of the ladle. Further parametric studies to investigate the usage of perfect joints with an optimum thickness (combined with viscoplasticity at lower temperatures, below 1200 °C) on the resulting thermal stresses are planned to be carried out in the future. Indeed, the impacts of creep at lower temperatures, corrosion, damage, wear and thermal shock could change these conclusion and add more insights on the thermomechanical response of the ladle. 

Conclusion

In the present work, three-dimensional coupled sequential thermomechanical analysis of a steel ladle has been carried out. The working lining and the bottom of the ladle have been replaced by an equivalent material model that takes into account the closure and reopening of joints due to cyclic thermal or mechanical loading/unloading. The temperature distribution of the steel ladle has been computed and used as a thermal load for the thermomechanical analysis. The thermomechanical model enables the visualization of the gradual closure and reopening of joints during the complete thermal cycle of the ladle. The impacts of joint thickness, joint behavior, constitutive material models used for the different linings of the ladle and the steel shell on the resulting thermomechanical stresses have been studied. The following conclusions can be drawn:

• With the increase in temperature, dry joints close gradually due to the thermal expansion of the bricks. Joints at the working lining hot surface close faster than joints at the cold surface. • The temperature drop during the waiting time results in the opening of some joints at the outer top surface of the slag zone. Moreover, waiting time is an important issue to consider when defining the time period of each step of the ladle thermal cycle. Long waiting time 5.5. Conclusion leads to high energy losses and may result in the opening of joints at the wall and the bottom of the steel ladle just before tapping liquid steel in the ladle.

• Resulting thermal stresses in the hot face increase with the increase in temperature, and their trends are similar to those of the temperature during the four steps of the thermal ladle heating cycle.

• Increasing joint thickness leads to a decrease in the resulting thermal stresses in the bottom and the wall of the working lining, as well as in the steel shell.

• For the same joint thickness, using masonry with natural joint behavior results in higher values of resulting thermomechanical stresses as compared to perfect joint.

• Either the isotropic assumption of mortarless masonry or orthotropic elastic assumption leads to overestimation of resulting thermal stresses.

• The inclusion of the viscoplasticity to the numerical model has a significant impact on the resulting thermomechanical stresses. A change of stress sign from compression to tension and opening/closure of dry joints in the HF of the working linings was observed. Moreover, lower values of the thermomechanical stresses were obtained when using more accurate behavior laws for the different layers in the steel ladle. CHAPTER 6 CONCLUSIONS AND PERSPECTIVES

Summary and main contributions

The principal goals of this research were: firstly, the characterization of the mechanical and thermomechanical behavior of refractory masonry with dry joints and secondly, the development of constitutive material models to accurately describe the orthotropic elastic-viscoplastic behavior of masonry with dry or mortar joints. The experimental techniques, experimental results and the developed numerical models presented in this work could help in understanding the complex mechanical behavior of refractory linings and assist in their design and optimization.

The literature survey on the experimental work of masonry with dry joints (chapter 1) has shown that there is very limited available experimental data on the thermomechanical behavior of refractory masonry (only two tests) and our understanding of their mechanical behavior was limited. Therefore, for better understanding of the mechanical and thermomechanical behavior of these structures and for developing accurate numerical models that can capture the real phenomena, two large scale experimental campaigns have been carried out within the framework of ATHOR project (chapter 2). To gather more information from the tests, full field displacement measurement techniques (DIC) have been used when possible. In total, ten large scale test series (compromising 20 tests) have been performed. Each test series aimed at investigating some important features.

Uniaxial compression tests at room temperature and up to the rupture point of the walls were carried out to understand the impacts of the dimensional and shape tolerances of the bricks on the mechanical response and load bearing capacity of the wall. It has been shown that these tolerances lead to highly nonuniform displacement fields (obtained using DIC), limited contact and stress concentrations at the middle of the bricks. Therefore, the experimental values of the tangent Young's modulus of the wall and the ultimate compressive strength were smaller as compared to those of the constitutive material of the bricks.

To understand the mechanical behavior of the masonry at room temperature under cyclic 6. CONCLUSIONS AND PERSPECTIVES mechanical loading and unloading and to investigate the impacts of joints closure and reopening on the mechanical behavior, cyclic in-plane uniaxial and biaxial compression tests have been performed. The results indicated that the masonry has orthotropic mechanical behavior and the effective stiffness in the direction normal to head joints is higher than that in the direction normal to bed joints (for the studied walls, the number of head joints was smaller than the number of bed joints). In addition, it has been shown that the stress strain relationship of the masonry is highly nonlinear (strain stiffening behavior) due to the gradual closure of joints and the increase of the effective stiffness with joints closure. Moreover, it has been clearly demonstrated that after unloading there was usually permanent deformation and the walls did not recover their initial configuration. This behavior was attributed to that the final joints thickness after unloading is usually small as compared to the initial one (before load application). The refractory linings normally operate at high temperature (around 1500 °C) and, at this temperature, the impacts of creep and stress relaxation are significant. Therefore, it was important to test refractory masonry at temperatures similar to those in-service. The in-plane uniaxial, biaxial creep and biaxial stress relaxation behaviors were investigated at 1500 °C. It was observed that during load application, the masonry has strain stiffening nonlinear orthotropic behavior due to the gradual closure of joints. However, during the holding time and after joints closure, the behavior was isotropic (the increase in the creep strain during the holding time was almost similar in the directions normal to bed and head joints). After unloading, the experimental results indicated that the recovered strain was very small as compared to the strain due to load application. This was attributed to that, during unloading, only few joints reopen and their final thickness is very small as compared to the initial joint thickness. Secondly, the permanent deformation caused by the viscoplastic behavior of the structure at high temperature. At high temperature, perfect closure of bed or head or both joints was achieved and some bricks were fused together.

As presented in chapter 1, two modeling techniques of masonry with dry joints were developed in the literature, namely: micro modeling and multi scale modeling. The multi scale modeling approach was chosen in the present work as it has a fair compromise between accuracy and computational cost. The main difficulties in developing multi scale models of masonry with dry joints are related to the heterogeneous micro structure of the material, which makes masonry global response strongly affected by shape, sizes and arrangement of bricks. However, as emphasized in chapters 1 and 2, some important features can be identified in the case of regular running bond masonry, such as the strongly nonlinear stress-strain relationship due to gradual closure of joints and the markedly orthotropic behavior (caused by the difference between the number of bed and head joints and the fact that they can be closed in one direction and open in the other direction).

To numerically capture such nonlinear phenomena and consider the impacts of gradual joints closure/reopening on the homogenized mechanical response, four periodic joint patterns were defined (chapter 3). Each pattern is associated with a specific state of bed and head joints (open 6.1. Summary and main contributions or closed). Then, the homogenized elastic viscoplastic behavior of each pattern was determined using FE based nonlinear homogenization technique. To consider the gradual increase in the effective stiffness with the gradual closure of joints and reproduce the strain stiffening behavior, the joints were reduced to an interface with small thickness (at the RVE level, micro modeling) where the constitutive normal and shear behaviors of the joints have been implemented. Suitable joints closure, reopening and pattern transition criteria were developed and implemented. The multi scale model was used to predict the mechanical response of masonry under a wide rang of thermomechanical loading conditions (experimental results presented in chapter 2). It has been shown that the developed numerical model can reproduce with reasonable accuracy the nonlinear orthotropic elastic viscoplastic behavior of masonry with dry joints and account for gradual closure of joints and joints reopening (chapter 4).

Regarding masonry with mortar joints, a homogenized elastic-viscoplastic multi scale model was developed (chapter 3). Both the bricks and mortar joints were considered to exhibit linear elasticity as well as rate-dependent plasticity (creep). Four joint patterns have been predefined based on the state of bed and head mortar joints (damaged/undamaged). The transition criterion between the four patterns was defined by tension cut-off associated with Mohr-Coulomb criterion. The homogenized elastic-viscoplastic behavior of each joint pattern has been determined using finite element based nonlinear homogenization approach.

Verification of the developed multi scale model of masonry with mortar has been carried out by comparing the numerical results of detailed micro models (brick and joints are considered) with the homogeneous equivalent material models (bricks and joints were replaced by a homogeneous material). Then, the developed model has been employed to predict the mechanical response of masonry walls subjected to in-plane shear and bending loads. With reasonable accuracy, the present model was able to predict the mechanical response of the studied cases and the crack patterns. The model was able to simulate the orthotropic, compressible, rate-dependent homogenized behavior of refractory masonry structures with mortar joints, and accounts for joints opening (chapter 4).

The multi scale constitutive material models of masonry with dry joints developed in chapter 3, calibrated and validated in chapter 4 were used to represent the different masonry linings in a simplified steel ladle (chapter 5). Then, three-dimensional coupled sequential transient thermomechanical analysis have been carried out. The temperature distributions of the steel ladle have been computed and used as a thermal load for the thermomechanical analysis. The transient thermomechanical model enables the visualisation of the gradual closure and reopening of joints during a complete thermal cycle of the ladle. The impacts of joints thickness, joints behavior, constitutive material models of the different linings of the ladle and the steel shell on the resulting thermal stresses have been studied. It has been shown that increasing joint thickness leads to a decrease in the resulting thermal stresses in the bottom and the wall of the working lining, as well as in the steel shell. In addition, for the same joint thickness, using masonry with natural joints behavior results in higher values of resulting thermomechanical stresses as compared to perfect 6. CONCLUSIONS AND PERSPECTIVES joint. The inclusion of the viscoplasticity to the numerical model has a significant impact on the resulting thermomechanical stresses. A change of stress sign from compression to tension and opening/closure of dry joints in the HF of the working linings were observed. Moreover, lower values of thermomechanical stresses were obtained when more accurate and complex behavior laws were used to describe the mechanical behavior of the different layers of the steel ladle.

Suggests for future work

On the overall, the proposed constitutive models showed to be rather accurate in predicting masonry nonlinear elastic viscoplastic behavior. Obviously, there is still room for improvements, present and future developments are listed below:

1. Extension of the presented homogenization technique to take into account the asymmetric creep behavior of refractories and the primary creep stage. 2. The presented homogenization technique have been applied to rectangular coordinate systems, further research is required to deal with cylindrical coordinates and defining periodic boundary conditions (in cylindrical coordinates). 3. Extension of the presented constitutive models to consider the damage of the bricks. This could help in predicting realistic stress levels in the case of steel ladle internal linings. 4. Extension of the multi scale model of masonry with mortar joints to take into account the re-closure of the damaged mortar joints under compressive loads. This would require some experimental investigations of the damaged joint behavior under compression (joints closure tests of masonry with damaged mortar joints). 5. More parametric studies to investigate the impact of ladle's bottom design and material properties on resulting thermomechanical stresses. 6. Numerical studies to optimize some geometrical parameters of the ladle, considering the real geometry of the ladle and materials and taking into account the creep impacts at lower temperatures are required.

In addition, further experimental studies are still required, some recommendations of future experimental work are given below:

1. Investigating the thermomechanical behavior of refractory masonry with mortar joints under a wide range of loading conditions, similar to those presented in chapter 2. 2. Joints closure tests of running bond masonry at different temperatures would be helpful in understanding the joints closure phenomena at different temperatures and accurately calculating the homogenized mechanical constants at higher temperatures. 3. Experimental studies to investigate the creep behavior of alumina spinel at lower temperatures and include its effects on the numerical model of the steel ladle. Because, at higher stress levels (up to the ultimate compressive stress of the material) compared to those presented in chapter 2 (6 MPa), creep and stress relaxation can start at lower temperatures.

Suggests for future work

Including the creep impacts at lower temperatures would lead to gradual decrease of the stresses in the ladle instead of the sudden decrease noticed in chapter 5. 4. In-situ measurement at an industrial scale steel ladle. This could be helpful for knowing the real stress and strain values in the ladle linings and verification of the numerical models.

MAHMOUD Alaaeldeen Ahmed ALI Modélisation thermomécanique non linéaire de maçonneries réfractaires

Cette thèse s'inscrit dans le cadre d'un projet de recherche Marie Curie financé par l'Union Européenne et consacré à "Advanced THermomechanical multiscale mOdelling of Refractory linings (ATHOR)". Les principaux objectifs de cette étude sont premièrement, la caractérisation du comportement mécanique et thermomécanique des maçonneries réfractaires sous une large gamme de conditions de chargement thermomécanique. Deuxièmement, développer des modèles numériques rigoureux et efficaces, en termes de calcul, pour les maçonneries réfractaires avec ou sans mortier. Le comportement mécanique et thermomécanique d'une maçonnerie réfractaire avec des joints sans mortier a été étudié pour une large gamme de conditions de chargement à température ambiante et à hautes températures (jusqu'à 1500 o C). Des essais de compression uniaxiale, dans les directions normales aux joints horizontaux ou verticaux, et des essais de compression biaxiale à température ambiante ont été réalisés. Des essais de fluage uniaxial, biaxial et de relaxation biaxiale ont été également réalisés à hautes températures. Les résultats de ces essais aident à comprendre le comportement thermomécanique complexe des revêtements réfractaires. L'impact des joints, leur fermeture et ouverture, des erreurs dimensionnelles et de forme des briques sont expliqués. Ensuite, des modèles numériques multi-échelles de maçonnerie ont été développés en se basent sur de l'homogénéisation non linéaire. Les modèles considèrent le comportement élasto-viscoplastique orthotrope de la maçonnerie réfractaire et tiennent compte de la fermeture et/ou de l'ouverture des joints. Les modèles développés ont été calibrés et validés en comparant les résultats expérimentaux et numériques de maçonneries soumises à une large gamme de conditions de chargement thermomécanique. Les résultats numériques donnent des précisions sur la réponse thermomécanique des revêtements réfractaires et aident à comprendre leur comportement mécanique complexe. Les modèles validés ont été utilisés pour prédire la réponse thermomécanique transitoire d'une poche à acier à l'échelle industrielle. Les méthodes expérimentales, les résultats et les modèles multi-échelles développés et présentés dans cette étude ouvrent de nouvelles perspectives intéressantes pour la conception et l'optimisation des revêtements réfractaires utilisés dans différentes structures industrielles. Mots clés : Réfractaires, Maçonnerie, Modélisation thermomécanique, Homogénéisation non linéaire, Joints, Fluage

Nonlinear thermomechanical modeling of refractory masonry linings

This thesis is a part of a European funded Marie Curie research project dedicated to "Advanced THermomechanical multi scale mOdelling of Refractory linings (ATHOR)". The main goals of this study are firstly, characterizing the mechanical and thermomechanical behavior of refractory masonries with dry joints under a wide range of thermomechanical loading conditions. Secondly, developing rigorous and computationally efficient numerical models for the design and optimization of refractory masonry linings with and without mortar. The mechanical and thermomechanical behavior of refractory masonry with dry joints have been investigated. Uniaxial compression tests, in the directions normal to bed and head joints, and biaxial compression tests at room temperature were performed. Uniaxial and biaxial creep tests as well as biaxial relaxation tests at high temperature were carried out. The results of these tests help in understanding the complex thermomechanical behavior of refractory linings. The impacts of joints, joints closure and reopening, dimensional and shape errors of the bricks on the thermomechanical behavior were investigated. Then, multi-scale numerical models of masonry, with or without mortar, were developed. The models consider the orthotropic, nonlinear, elastic viscoplastic behavior of refractory masonry and account for joints closure or opening. The developed models, based on nonlinear homogenization technique, were calibrated and validated by comparing the experimental and numerical results of masonries subjected to a wide range of thermomechanical loading conditions. The numerical results provide more insights on the thermomechanical response of refractory linings and assist in understanding their complex mechanical and thermomechanical behaviors. The validated models were employed to predict the transient thermomechanical response of an industrial scale steel ladle. The experimental methods, results and the developed multi scale models presented in this study open very interesting ways and provide new insights that could be helpful for the design and optimization of refractory linings used in several high temperature industries. Keywords : Refractories, Masonry, Thermomechanical modeling, Nonlinear Homogenization, Joints, Creep.
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 2 Figure 2: (a) Poche à acier avec maçonnerie réfractaire. (b) Schéma des garnissages réfractaires montrant les briques et les joints.
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 5 Figure 5: Champs de déplacement dans la direction normale aux joints horizontaux (direction verticale dans cette image) à : (a) 25 % (b) 50 % et (c) 99 % de la charge à rupture.

Figure 7 :

 7 Figure 7: (a) courbes forces de réaction dans les directions normales aux surfaces des joints horizontaux et verticaux en fonction du temps pendant le chargement et le déchargement, (b) courbes force -déplacement dans les directions normales aux joints horizontaux et verticaux
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 8 Figure 8: (a) courbes force-déplacement et (b) variations temporelles des déplacements dans la direction normale aux joints horizontaux.
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 11 Figure 11 : schémas de tous les états de joints possibles de la maçonnerie réfractaire avec mortier et critères d'ouverture des joints
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 10 Figure 10 : états des joints et champ de déplacement dans la direction normale aux joints horizontaux (direction verticale dans cette image) dans une maçonnerie soumise à un fluage en compression à 1500 °C.

Figure 14 :Figure 15 :

 1415 Figure 14 : (a) exemple de contraintes de Von Mises (en MPa) dans la zone supérieure de l'enveloppe métallique et (b) endommagement et déformation permanente dans une poche à acier
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 12 Figure 1: ATHOR network: academic and industrial partners [1].
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 11 Figure 1.1: Length scale spectrum associated with multi-scale modeling of materials.
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 12 Figure 1.2: Convergence of the homogenized property as a function of the RVE size using different types of boundary conditions.

Figure 1 . 3 :

 13 Figure 1.3: Principle of the homogenization technique [26].

Figure 1 . 4 :

 14 Figure 1.4: Horizontal displacement contours (in mm) in a RVE (a) without gaps and (b) with gaps.
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 1514 Figure 1.5: Schematics of reference and deformed RVE subjected to a) uniform tension, (b)uniform displacement and (c) periodic boundary conditions[START_REF] Espadas-Escalante | A study on the influence of boundary conditions in computational homogenization of periodic structures with application to woven composites[END_REF].

Figure 1 . 6 :

 16 Figure 1.6: (a) Steel ladle lined with mortarless refractory masonry. (b) Schematic of mortarless masonry wall showing the periodically arranged bricks and the gaps between them.

Figure 1 . 8 :

 18 Figure 1.8: Test setup of measuring local and global joints closure behavior using digital image correlation [68].

Figure 1 . 9 :

 19 Figure 1.9: a) Schematic of test setup used to investigate the impact of contact area on loading bearing capacity of mortarless masonry assemblages and (b) mold used for contact layer application [59].

Figure 1 . 10 :

 110 Figure 1.10: Dry joins masonry subjected to a pre-compression and in-plane shear loads: a) schematic representation and b) failure pattern of the wall [61].

Figure 1 . 11 :

 111 Figure 1.11: Setup of the biaxial compression tests a) at room temperature and b) 1200 °C of magnesia chromite refractory masonry walls [73-76].

Figure 1 . 12 :

 112 Figure 1.12: Detailed micro model developed by Zahra et al. [57].

Figure 1 .

 1 Figure 1.13: (a) Micro model developed by Andreev et al. [66] to investigate the impacts of joints thickness and initial contact area on the mechanical response of two stacks of refractory bricks. (b) Impacts of initial contact area and initial joint thickness on the mechanical behavior.

Figure 1 . 14 :

 114 Figure 1.14: Simplified micro models of mortarless masonry (a) joints reduced to an interface with zero thickness [61, 77, 78] and (b) joints considered as a thin layer bonded to the bricks [84].

Figure 1 . 15 :

 115 Figure 1.15: Micro FE model developed by Ngapeya et al, to study the impact of dimension errors (∆) of the brick on the loading bearing capacity of a running bond concrete masonry [69, 79].

1. 5 .Figure 1 . 16 :

 5116 Figure 1.16: Multi scale model of mortarless refractory masonry developed by Nguyen et al. [76].

Figure 1 . 17 :

 117 Figure 1.17: Schematic representations of different textures of masonry with mortar joints: (a) running bond, (b) stack bond, (c) Flemish bond, (d) English bond and (e) header bond.

  .18-b. It has been further improved to perform tension-shear tests, see Fig. 1.18-c. Brulin et al. [88] developed the slanted shear test setup shown in Fig. 1.19-b to characterize the shear behavior of refractory brick-mortar interface at high temperature.

Figure 1 . 18 :

 118 Figure 1.18: Schematics of test setup for the characterization of brick mortar interface: (a) direct tensile test (b and c) shear tests [86, 87].

1. 5 .Figure 1 . 19 :

 5119 Figure 1.19: Characterization of brick/mortar interface at high temperature: samples of (a) direct tensile tests and (b) slanted shear tests [88].

Figure 1 . 20 :

 120 Figure 1.20: Failure patterns of masonry assemblages subjected to uniaxial tensile loads with different angles θ from the bed joint surface [96].

Figure 1 . 21 :

 121 Figure 1.21: Stress-strain curves for mortar, brick, and masonry: (a) weak mortar [99] and (b)strong mortar[START_REF] Kaushik | Stress-Strain Characteristics of Clay Brick Masonry under Uniaxial Compression[END_REF].

Figure 1 . 22 :

 122 Figure 1.22: Failure patterns of masonry assemblages subjected to uniaxial compression loads with different angles θ from the bed joint surface [96].

Figure 1 . 23 :

 123 Figure 1.23: (a) Schematic of biaxial compression test setup for the characterization of biaxial strength of masonry performed by Page and (b) biaxial strength envelope of masonry [96, 97].

Figure 1 . 24 :

 124 Figure 1.24: Test procedures for Raijmakers-Vermeltfoort panels: (a) application of vertical pre-compression load and (b) horizontal loading under displacement control [11].

Figure 1 . 25 :

 125 Figure 1.25: Schematic of masonry wall with mortar joints subjected to bending [12, 100].

2 .

 2 Continuum material or interface with nonlinear response. The most two common micro modeling techniques are detailed micro modeling and simplified micro modeling, see Fig. 1.26. In the detailed micro modeling, both the bricks and joints are represented by continuum medium (continuum finite elements), while the interface is considered as discontinuous elements (Fig. 1.26-a). In the simplified micro modeling the mortar joint and brick-mortar interface are reduced to an interface with no thickness (Fig. 1.26-b).

Figure 1 . 26 :

 126 Figure 1.26: Micro-modeling approaches of masonry with mortar joints. (a) detailed micro modeling and (b) simplified micro modeling.

Figure 1 . 27 :

 127 Figure 1.27: Multi-surface plasticity model used for modeling (a) line interface [100, 102] and (b) surface interface [108, 109].

Figure 1 . 28 :

 128 Figure 1.28: Possible joint states and paths of damage in masonry with mortar joints [118, 119].

Figure 1 . 29 :

 129 Figure 1.29: Model based on joint states proposed by Landreau [120].

2 .

 2 EXPERIMENTAL CHARACTERIZATION OF REFRACTORY MASONRY WITH DRY JOINTS of ATHOR project. The chemical composition of the material is 94 wt% alumina, 5 wt% magnesia and 1 wt% other oxides such as iron oxide and silica. The apparent porosity and density of the material are 19% and 3130 kg/m 3 , respectively[10]. The thermal conductivity and specific heat of the material are shown in Fig 2.1-a and b[START_REF] Vitiello | Thermo-physical properties of insulating refractory materials[END_REF]. The Young's modulus, measured using acoustic emissions technique[START_REF] Kaczmarek | Mechanical characterization of refractory materials[END_REF] and mechanical tests, and the ultimate compressive stress[START_REF] Oliveira | Thermomechanical behaviour of refractory dry-stacked masonry walls under uniaxial compression[END_REF] variations with temperature are presented in Fig 2.1-c and d, respectively.

Figure 2 . 1 :

 21 Figure 2.1: Thermal and mechanical properties of alumina spinel bricks tested in the present work: (a) thermal conductivity[START_REF] Vitiello | Thermo-physical properties of insulating refractory materials[END_REF], (b) specific heat[START_REF] Vitiello | Thermo-physical properties of insulating refractory materials[END_REF], (c) Young's modulus[START_REF] Kaczmarek | Mechanical characterization of refractory materials[END_REF] and (d) ultimate compressive strength[START_REF] Oliveira | Thermomechanical behaviour of refractory dry-stacked masonry walls under uniaxial compression[END_REF].

Figure 2 . 2 :

 22 Figure 2.2: Creep behavior of alumina spinel refractory material at different temperatures and compressive stress levels.

  .3, the dry joints are almost closed in some locations while being open in other locations.

Figure 2 . 3 :

 23 Figure 2.3: Nonuniform dry joints thickness and limited initial contact caused by the dimensional and shape tolerances of the bricks.

Figure 2 . 4 :

 24 Figure 2.4: Experimental setup used to perform uniaxial compression tests of alumina spinel refractory masonry walls at room temperature.

Figure 2 . 5 :

 25 Figure 2.5: Experimental setup used to perform uniaxial compression tests of alumina spinel refractory masonry walls at high temperature.

Figure 2 . 6 :

 26 Figure 2.6: Schematics of refractory masonry specimen (a) series S01 and (b) series S02.

Figure 2 . 7 :

 27 Figure 2.7: Test specimen S01-01 (a) before testing, (b) during failure and (c) after failure.

Figure 2 . 8 :

 28 Figure 2.8: Displacement fields in the direction normal to bed joints (vertical direction in this image) in S01-01 at: (a) 25 % (b) 50 % and (c) 99 % of the failure load.

Figure 2 . 9 :

 29 Figure 2.9: S01: (a) measured displacements in the direction normal to bed joints versus vertical reaction forces and (b) stress strain diagrams.

Figure 2 . 10 :

 210 Figure 2.10: Series S02: (a) time variations of the hot face, cold face and furnace temperatures. (b) Time variations of the vertical displacement of the three performed tests.

2. 2 .Figure 2 . 11 :

 2211 Figure 2.11: Displacement field in the direction normal to bed joints (vertical direction in this image) in S02-02 obtained using DIC by the end of mechanical load application (absolute values).

Figure 2 . 12 :

 212 Figure 2.12: Series S02: vertical cracks near the middle of the bricks: (a) global view and (b) cracks in the middle of the brick (top) and near the hot face.

Figure 2 . 14 :Figure 2 . 15 :

 214215 Figure 2.14: Biaxial compression test setup at RHI Magnesita technology center -Leoben.

Figure 2 . 16 :

 216 Figure 2.16: Cross section view of the biaxial compression test setup showing the heating chamber, the test specimen, the metallic and ceramic plungers and the insulation layers.

Figure 2 . 17 :

 217 Figure 2.17: Details of the tube in tube device used to measure the displacement and temperature of specific points of the hot face.

Figure 2 . 18 :

 218 Figure 2.18: Digital image correlation setup used in the biaxial compression tests of masonry walls at room temperature.

Figure 2 . 19 :

 219 Figure 2.19: Schematic of the last insulation layer showing the locations of the thermocouples used to measure the temperature of the cold face. All dimensions are in mm.

Figure 2 . 20 :

 220 Figure 2.20: Schematics of the specimens tested at room temperature showing the arrangements of the bricks, LVDTs and the dimensions of the walls: (a) S03, (b) S04 and (c) S05. All dimensions are in mm.

Figure 2 . 21 :

 221 Figure 2.21: An example of refractory masonry wall subjected to biaxial compression at room temperature (S05) showing the arrangements of the LVDTs, wall with speckle pattern, moving and fixed plungers.

2. 3 .Figure 2 . 22 :

 3222 Figure 2.22: Schematics of the specimens tested at high temperature showing the arrangements of the LVDTs, bricks and the dimensions of the walls: (a) S06 and S07, (b) S09 and S10, and (c) S08. All dimensions are in mm.

Figure 2 . 23 :

 223 Figure 2.23: An example of refractory masonry wall subjected to biaxial compression at high temperature (S09) showing the arrangements of the LVDTs, moving, and fixed plungers.

Figure 2 . 24 :

 224 Figure 2.24: Series S03: (a) resulting reaction forces in directions normal to the surfaces of bed and head joints during loading and unloading, (b) force -displacement diagram in the direction normal to bed joints.

2 .Figure 2 . 25 :

 2225 Figure 2.25: Displacement fields in S03-01, in the direction normal to bed joints (vertical direction in this image), at: (a) 25 % of maximum load level, (b) 100 % of maximum load level and (c) after unloading.

Figure 2 . 26 :

 226 Figure 2.26: Series S04: (a) resulting reaction forces in directions normal to the surfaces of head and bed joints during loading and unloading, (b) force -displacement diagram in the direction normal to head joints.

Figure 2 .

 2 Figure 2.26-b shows the force displacement diagrams of the two performed tests. The displacements are calculated as the average of the three displacements measured by the three LVDTs. As compared to S03, higher scattering between the two tests can be observed. The high scattering values are caused by the higher dimensional errors in the length of the bricks as compared to the dimensional errors in the height of the bricks (±2 mm as compared to ±1 mm).A nonlinear displacement stiffening behavior during load application, due to gradual closure of head joints, can be noticed from the figure. In comparison to S03, the maximum value of the average displacement measured by the LVDTs is smaller (1.3 mm for S04 and 2 mm for S03), because the number of head joints is less than the number of bed joints. This leads to higher stiffness in the direction normal to head joints as compared to the direction normal to bed joints. In the beginning of unloading, a remarkable decrease in the reaction force was noticed without any decrease in the displacement. Then, both the displacement and reaction force decreased. After unloading, the wall did not go back to the initial configuration and there was permanent deformation caused by joints closure and the decrease of joints thickness as compared to the initial one. Due to some technical issues related to the vibration of the camera holding setup and some rigid body motions, DIC analysis were not successful for this test series.

Figure 2 .

 2 27-a shows an example of the time variations of the resulting reaction forces normal to head (f head ) and bed (f bed ) joints during loading and unloading. From the previous uniaxial compression tests, it has been shown that the stiffness of the wall in the directions normal to bed and head joints is different. The speed of the two moving plungers was adjusted in order to keep f bed /f head = 1. During loading, the maximum programmed forces (945 and 924 kN) were reached almost in the same time. f bed and f head remained constant during the dwell time. Then, the unloading step started and the measured reaction forces dropped gradually.

Figure 2 . 27 :

 227 Figure 2.27: Series S05: (a) resulting reaction forces in directions normal to the surfaces of bed and head joints during loading and unloading, (b) force -displacement diagrams in the directions normal to bed and head joints.

Figure 2 .

 2 Figure 2.27-b shows the force displacement graphs of the two performed tests. The displacements in each direction are calculated as the average of the two displacements measured by the two LVDTs. Good agreement between the two tests can be observed. During load application step and for both directions, a nonlinear displacement stiffening behavior, due to the gradual increase of stiffness with the gradual closure of joints, was observed. The maximum displacement

Figure 2 . 28 :

 228 Figure 2.28: Specimen S05-02: displacement fields in the direction normal to head joints (horizontal direction in this image) in S05-02 at: (a) 25 % of maximum load level, (b) 100 % of maximum load level and (c) after unloading.

Figure 2 . 29 :

 229 Figure 2.29: Specimen S05-02: displacement fields in the direction perpendicular to bed joints (vertical direction in this image) at: (a) 25 % of maximum load level, (b) 100 % of maximum load level and (c) after unloading.

Figure 2 . 30 :

 230 Figure 2.30: Test series S06: time variations of the cold and hot faces temperatures during heating and testing.

Figure 2 . 31 :

 231 Figure 2.31: Test series S06-01: resulting reaction forces in the directions normal to bed and head joints during mechanical loading and holding stages.

2. 3 .Figure 2 . 32 :

 3232 Figure 2.32: Test series S06: (a) resulting force displacement diagram and (b) time variations of average displacement during mechanical loading and holding steps in the direction normal to the surfaces of bed joints.

Figure 2 .Figure 2 . 33 :

 2233 Figure 2.33: Test series S07: time variations of the cold and hot faces temperatures during heating and mechanical testing.

Figure 2 . 34 :

 234 Figure 2.34: Specimen S07-01: (a) resulting reaction forces in the directions normal to the surfaces of bed and head joints during mechanical loading, holding and unloading stages. (b)The decrease in f head during the load holding step.

Figure 2 . 35 :

 235 Figure 2.35: Test series S07: (a) resulting force-displacement diagrams and (b) time variations of the average displacements during mechanical loading, holding and unloading steps in the direction normal to bed joints.

Figure 2 . 36 :

 236 Figure 2.36: Specimen S08-01: (a) resulting reaction forces in the directions normal to the surfaces of bed and head joints during mechanical loading, holding and unloading stages. (b)The decrease in f bed during the load holding step.

Figure 2 . 37 :

 237 Figure 2.37: Test series S08: (a) resulting force-displacement diagram and (b) time variations of the average displacement during mechanical loading, holding and unloading steps in the direction normal to the surfaces of head joints.

2 .

 2 Figure 2.38: Specimen S09-01: resulting reaction forces in the directions normal to the surfaces of bed and head joints during mechanical loading, holding and unloading stages.

Figure 2 . 39 :

 239 Figure 2.39: Test series S09: (a) resulting force-displacement diagrams and (b) time variations of the average displacements during mechanical loading, holding and unloading steps in the directions normal to the surfaces of bed and head joints.

Figure 2 . 40 :

 240 Figure 2.40: Specimen S10-01: resulting reaction forces versus time during loading, holding and unloading steps of the two performed cycles.

Figure 2 . 41 :

 241 Figure 2.41: Specimen S10-02: resulting reaction force versus time during loading, holding and unloading steps of the two performed cycles.

Figure 2 .

 2 Figure 2.42 presents an example of refractory masonry wall after a creep test at 1500 °C. The zone marked in red indicates the locations of closed joints (after testing) while, the region marked in blue indicates the locations of cracked bricks. The zone in purple indicates the locations of highly deformed bricks. This category of bricks was also found in the red zone. Some examples of perfect closure of head and bed joints are given in Fig. 2.42-b and c. Perfect closure of head joint is depicted in Fig. 2.42-b and perfect closure of both bed and head joints is depicted in Fig. 2.42-c. Due to the high temperature and the thermomechanical load, the bricks were fused together and the joints did not reopen after unloading. The majority of the wall was like this. For this reason, the recovered displacement after unloading was very small. Near the two moving plungers (region in blue) cracks located in the middle of the bricks were observed. Due to the chamfer in the ceramic plungers, Fig.2.42-e, only half of the brick in contact with the chamfer was loaded. This leads to nonuniform loading conditions and stress concentrations at the middle of the brick. The pink marks in the bricks (near the ceramic plungers) are caused by

Figure 2 . 42 :

 242 Figure 2.42: An example of refractory masonry wall after creep test at 1500 °C: (a) global view, (b) perfect closure of head joint, two bricks are fused together, (c) perfect closure of bed and head joints, three bricks are fused together, (d) deformation of the bricks, the green arrows highlight the high deformation at the middle of the brick and (e) cracks due to stress concentration.

  3.1). Each pattern is based on the state of both bed and head joints (i.e. open or closed) and represents a different periodic masonry structure with a different equivalent behavior. The four joint patterns are as follows [76]: 1. Pattern AC: head and bed joints are closed (All joints are Closed). 2. Pattern HO: bed joints are closed, while Head joints are Open. 3. Pattern BO: head joints are closed, while Bed joints are Open. 4. Pattern AO: head and bed joints are open (All joints are Open).

Figure 3 . 1 : 3 . 1 .

 3131 Figure 3.1: Schematics of possible joint patterns of refractory masonry with dry joints (a) pattern AO, (b) pattern BO, (c) pattern HO, and (d) pattern AC.

  3.2-a). Bricks with height (h b ), length (l b ) and depth (d b ) are periodically arranged in running bond texture. Mortar joints with thickness (t m ) are separating the bricks from each other. Two types of joints are defined on the basis of their orientation: bed joints with thickness (g bed , horizontal joints in Fig. 3.2-b) and head joints with thickness (g head , vertical joints in Fig. 3.2-b).Usually the thickness of bed and head joints is equal (g bed = g head = t m ) and very small (1 to 2 mm) as compared to the dimensions of the bricks (t m << h b , l b , d b ).

Figure 3 . 2 :

 32 Figure 3.2: (a) The safety lining of a real steel ladle [1]. (b) Schematic of masonry wall with mortar joints showing the bricks and the mortar joints.

2 .Figure 3 . 3 :

 233 Figure 3.3: Schematics of possible joint patterns of masonry structure with mortar joints (a) pattern AS, (b) pattern BD, (c) pattern HD, and (d) pattern AD.

Figure 3 . 4 :

 34 Figure 3.4: Impact of mortar's creep parameters on the homogenized total strain in a UC subjected to uniaxial tensile stress of 1.5 MPa in the direction normal to head joints.

Figure 3 . 5 :

 35 Figure 3.5: (a) Schematic of periodic mortarless masonry structure in pattern HO. (b) Periodic unit cell selected from the structure and used for the nonlinear finite element based homogenization analysis.

Figure 3 . 6 :

 36 Figure 3.6: Von Mises stress (in MPa) distribution in a periodic unit cell subjected to periodic boundary conditions and (a) uniaxial tension along the x-direction (Σ xx =1.5 MPa), (b) uniaxial tension along the y-direction (Σ yy =1.5 MPa) and (c) simple shear in the xy plane (Σ xy =1.5 MPa).

Figure 3 . 7 :

 37 Figure 3.7: Displacement discontinuity in a periodic unit cell subjected to uniaxial tension along the x direction.

N 44 -

 44 and periodic boundary conditions, the normal components of Σ vanish and the shear components of N are written as follows:-Simple shear in the xy-plane:3. MULTI-SCALE MODELING OF REFRACTORY MASONRY Simple shear in the yz-plane:

Figure 3 . 8 :

 38 Figure 3.8: Variations of the (a) normal and (b) shear stiffnesses of dry joints with joints closure.

Figure 3 . 9 :

 39 Figure 3.9: Schematic of RVE in pattern AO showing the physical model, brick and interface

Figure 3 .

 3 Figure 3.10: (a) Resulting macroscopic normal stress -strain diagrams and (b) variations of homogenized Young's modulus, in the direction normal to head joints, of a UC with different joint behaviors subjected to uniaxial compression.

Figure 3 . 11 :

 311 Figure 3.11: (a) Resulting macroscopic normal stress -strain diagrams and (b) variations of homogenized Young's modulus, in the direction normal to bed joints, of a UC with different joint behaviors subjected to uniaxial compression.

Figure 3 .

 3 Figure 3.12: (a) Resulting macroscopic shear stress -strain diagrams and (b) variations of homogenized shear modulus, with respect to xy plane, of a UC with different joint behaviors subjected to shear load.

Figure 3 . 13 :

 313 Figure 3.13: Schematic of periodic masonry structure with mortar joints in pattern AS and periodic unit cell selected from the structure and used for the nonlinear finite element based homogenization analysis.

Figure 3 . 14 :

 314 Figure 3.14: Schematic of periodic masonry structure with mortar joints in pattern HD and periodic unit cell selected from the structure and used for the nonlinear finite element based homogenization analysis.

  M y and M x are parameters with the same meaning of the localization tensor, and they depend on the dimensions of the brick (M y = h b and M x = l b ). E t yy and E t xx are the macroscopic total strains (elastic and viscoplastic strains) in the y and x directions. The bed and head joints closure criteria are given in Fig. 3.15.

Figure 3 . 15 :

 315 Figure 3.15: Schematics of all possible joint patterns of refractory masonry with dry joints and joints closure and reopening criteria.

Figure 3 . 16 :

 316 Figure 3.16: Yield surface for the mortar joints: (a) 2D space representation of the yield surface, (b) yield surface for bed joints in 3D space and (c) yield surface for head joints in 3D space.

Figure 3 . 17 :

 317 Figure 3.17: Schematics of all possible joint patterns of masonry structure with mortar joints and joints opening criteria.

  tensor (C e ) as: dΣ = C e : dE e (3.39) Substituting equation 3.39 into equation 3.38 gives: dσ = A : C e : dE e = L : dE e (3.40)

Figure 3 . 18 :

 318 Figure 3.18: Comparisons between average total strains obtained from the detailed micro model (bricks and joints are considered) and macro model (bricks and joints are replaced by equivalent homogeneous medium) for constant stress uniaxial tension (in the x, y and z directions) and simple shear loading conditions (in the xy, xz and yz planes).

Figure 3 . 19 :

 319 Figure 3.19: Comparisons between average total strains obtained from detailed micro model (bricks and joints are considered) and macro model (bricks and joints are replaced by equivalent homogeneous medium) for constant stress biaxial loading (compression in the x direction and tension in the y direction).

Figure 3 . 20 :

 320 Figure 3.20: Comparisons between average macro stresses obtained from detailed micro model (bricks and joints are considered) and macro model (bricks and joints are replaced by equivalent homogeneous medium) for constant strain rate uniaxial tension (in the x, y and z directions) and simple shear loading (in the xy, xz and yz planes).

Figure 3 . 21 :

 321 Figure 3.21: Comparisons between average total strains obtained from the detailed micro model (bricks and joints are considered) and macro model (bricks and joints are replaced by equivalent homogeneous medium) of periodic masonry structure in pattern AS subjected to constant stress uniaxial tension (in the x, y and z directions) and simple shear loading (in the xy, xz and yz planes).

Figure 3 . 22 :

 322 Figure 3.22: Comparisons between average total strains obtained from the detailed micro model (bricks and joints are considered) and macro model (bricks and joints are replaced by equivalent homogeneous medium) of periodic masonry structure in pattern HD subjected to constant stress uniaxial tension (in the x, y and z directions) and simple shear loading (in the xy, xz and yz planes).

Figure 3 . 23 :

 323 Figure 3.23: Comparisons between average macro stresses obtained from detailed micro model (bricks and joints are considered) and macro model (bricks and joints are replaced by equivalent homogeneous medium) of periodic masonry structure in pattern AS subjected to constant strain rate uniaxial tension (in the x, y and z directions) and simple shear loading (in the xy, xz and yz planes).

Figure 3 . 24 :

 324 Figure 3.24: Comparisons between average macro stresses obtained from detailed micro model (bricks and joints are considered) and macro model (bricks and joints are replaced by equivalent homogeneous medium) of periodic masonry structure in pattern HD subjected to constant strain rate uniaxial tension (in the x, y and z directions) and simple shear loading (in the xy, xz and yz planes).

  4.1-b). The relative displacements between 4. VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS each set of the horizontal blue lines in the figure (top, middle and bottom, each set compromises two lines, one above and one below the joints) are obtained from the DIC analysis. For each line in each set, the displacements of 30 points were determined. The joints closure was considered as the relative displacement between the two lines in each set. The joints closure variations with the applied stress at different locations in the wall as well as the average of the three studied locations are given in Fig. 4.2-a. Comparisons with the results of the classical joints closure test are reported in the same figure. The stresses are considered as uniform in the wall. Indeed, in reality, they are nonuniform due to the non flatness of the top raw of the wall and stress concentrations caused by the dimension and shape tolerances of the bricks. From Fig. 4.2-a, it can be noticed that at the same stress level, the classical joints closure tests underestimate the joints closure. The calculated average normal and shear stiffnesses of the dry joints are reported in Fig. 4.2-b. They are calculated as following: the average joints closure of the three locations (d n, avg ) -stress relationship (DIC -Average in Fig. 4.2-a) was fitted. Then, the normal (k n ) and shear (k s ) stiffnesses were calculated using the equations given in chapter 3 (k n = σ/ d n, avg and k s = k n /2(1 + ν), ν = 0.2).

Figure 4 . 1 :

 41 Figure 4.1: (a) Classical joints closure test of a stack two of alumina spinel parts [151] and (b) schematic showing wall S01-01 and the chosen locations for studying joints closure by DIC.

4. 1 .

 1 Masonry with dry joints

Figure 4 . 2 :

 42 Figure 4.2: (a) Comparisons between stress variations with joints closure at different locations in the wall and results of classical joints closure test and (b) the calculated average normal (k n ) and shear (k s ) stiffnesses of the joints.

Figure 4 . 3 : 1 .

 431 Figure 4.3: Examples of the identified homogenized (a, b) Young's modulus and (c) shear modulus variations with the macroscopic strains of joint pattern AO at different temperatures.

Figure 4 . 4 :

 44 Figure 4.4: Test series S01: FE model of masonry wall subjected to uniaxial compression load in the direction normal to bed joints: geometry and boundary conditions.

Figure 4 . 5 :

 45 Figure 4.5: Test series S01: vertical displacement fields in masonry wall subjected to uniaxial compression load in the direction normal to bed joints (vertical direction in this image) at (a) 33 %, (b) 66 % and (c) 99 % of maximum load level.

Figure 4 . 6 :

 46 Figure 4.6: Test series S01: reaction forces versus vertical displacements in the direction normal to bed joints in alumina spinel masonry walls subjected to uniaxial compression load, up to failure, at room temperature: experimental and numerical results.

Figure 4 .

 4 7 shows the thermal resistance diagram used to simulate these phenomena.

Figure 4 . 7 :

 47 Figure 4.7: Test series S02: schematic of the thermal model of the wall and the thermal resistance circuit equivalence.

Figure 4 . 8 :

 48 Figure 4.8: Temperature variations of the convection heat transfer coefficient (h i ) used for the top, middle and bottom portions of the HF of the wall.

Figure 4 . 9 :

 49 Figure 4.9: Test series S02: (a) time variations of the hot face and cold face temperatures, experimental and numerical results. (b) Temperature distribution at the end of the heating step.
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 13 S03: uniaxial loading and unloading -normal to bed joints at room temperature In this test series, two refractory masonry walls with 1100 × 1125 × 140 mm 3 dimensions were tested at room temperature. A uniaxial compression load/unload (up to 6 MPa) was applied in 4.1. Masonry with dry joints

Figure 4 . 10 :

 410 Figure 4.10: Test series S02: experimental and numerical time variations of the vertical displacement.

Figure 4 . 11 :

 411 Figure 4.11: Test series S03: FE model of masonry wall subjected to uniaxial compression loading/unloading in the direction normal to bed joints.

Figure 4 . 12 :

 412 Figure 4.12: Test series S03: comparisons between experimental and numerical forcedisplacement diagrams of a masonry wall subjected to uniaxial compression loading/unloading in the direction normal to bed joints.

Figure 4 . 13 :

 413 Figure 4.13: Test series S03: displacement fields (in mm), in the direction normal to bed joints, of a masonry wall subjected to uniaxial compression loading/unloading in the direction normal to bed joints (y direction) at maximum load level (left) and after unloading (right).

Figure 4 . 14 :

 414 Figure 4.14: Test series S04: comparisons between experimental and numerical forcedisplacement diagrams of a masonry wall subjected to uniaxial compression loading/unloading in the direction normal to head joints.

Figure 4 . 15 :

 415 Figure 4.15: Test series S04: displacement fields (in mm), in the direction normal to head joints, of a masonry wall subjected to uniaxial compression loading/unloading in the direction normal to head joints (x direction) at maximum load level (left) and after load removal (right).
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 15 S05: biaxial loading and unloading at room temperature In this test series, two refractory masonry walls with 1100 × 1125 × 140 mm 3 dimensions were tested at room temperature. A 6 MPa biaxial compression load/unload was applied to the directions normal to bed and head joints. The FE model of the wall is similar to that presented in Fig.4.11. The interactions between the contact surfaces of the wall, the plungers and the ground 4.1. Masonry with dry joints were considered in the FE model using frictional contact. The boundary conditions of the ground and the two fixed rigid plates are set to fully fixed.

Figure 4 . 16 :

 416 Figure 4.16: Test series S05: comparisons between experimental and numerical forcedisplacement diagrams of the masonry walls subjected to biaxial compression loading/unloading in the directions normal to bed and head joints.

4. 1 . 6

 16 S06 and S07: uniaxial creep behavior -normal to bed jointsTest series S06 was the first high temperature test and it includes only one test (S06-01). The main goal of this trial series was to test the high temperature test setup. Time variations of the wall's cold (CF) and hot (HF) faces temperatures during heating and testing are presented in Fig.4.18.

Figure 4 . 17 :

 417 Figure 4.17: Test series S05: displacement fields (in mm) in the direction normal to head joints (x direction, a and b) and in the direction normal to bed joints (y direction, c and d) at maximum load level (left) and after unloading (right) in the masonry walls subjected to biaxial compression loading/unloading.

4. 1 .

 1 Masonry with dry joints experimental and numerical CF and HF temperature variations with time are given in Fig. 4.18.

Figure 4 . 18 :

 418 Figure 4.18: Test series S06: time variations of the cold and hot faces temperatures during heating and testing, experimental and numerical results.

  .19-b. The words fixed indicate the locations of the fixed plungers and the arrows denote the moving plungers. Near the HF, all bed joints are closed and all head joints are still open (pattern HO). On the other hand, near the CF, all bed and head joints are open (pattern AO).

Figure 4 . 19 :

 419 Figure 4.19: Test series S06: (a) experimental and numerical time variations of the displacement in the direction normal to bed joints. (b) Joint patterns in the wall by the end of load holding step.
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 1 Masonry with dry joints

Figure 4 . 20 :

 420 Figure 4.20: Test series S07: time variations of the cold and hot faces temperatures during heating and mechanical testing, experimental and numerical results.

Figure 4 . 21 :

 421 Figure 4.21: Test series S07: temperature distributions of the masonry wall by the end of heating step showing the deformation of the wall due to thermal expansion.

Figure 4 .

 4 Figure 4.22-a presents comparisons between the experimental and numerical displacement -time diagrams during loading, holding and unloading steps. Good agreements between the numerical and the experimental results (the two performed tests in red) can be observed. During loading, a fast increase in the displacement can be observed due to gradual closure of joints with increasing the applied load. Then, during the holding step, an increase in the displacement can be observed due to creep. Finally, the displacement decreased slightly during the unloading step. After load removal, the recovered displacement was very small as compared to the displacement due to the applied load. This can be attributed to the permanent deformation resulting from the viscoplastic behavior of the structure and joints closure. By the end of the load application step,

Figure 4 . 22 :

 422 Figure 4.22: Test series S07: time variations of (a) displacements and (b) stresses in the masonry walls subjected to uniaxial creep load at 1500 °C in the direction normal to bed joints.
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 1 Masonry with dry joints

Figure 4 . 23 :

 423 Figure 4.23: Test series S07: (a) joints patterns and (b) displacement fields in the direction normal to bed joints (vertical direction in this image) in a masonry wall subjected to uniaxial compression creep load at 1500 °C by the end of the holding step.

Figure 4 . 24 :

 424 Figure 4.24: Test series S08: time variations of (a) displacements and (b) stresses in the masonry wall subjected to uniaxial creep load at 1500 °C in the direction normal to head joints.
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 1 Masonry with dry joints

Figure 4 . 25 :

 425 Figure 4.25: Test series S08: (a) joints patterns and (b) displacement fields in the direction normal to head joints (horizontal direction in this image) in a masonry wall subjected to uniaxial compression creep load at 1500 °C by the end of the holding step.

  1.6). The displacement in the loading directions and the joints patterns in the wall by the end of the holding step are shown in Figs. 4.27 and 4.28, respectively. In the HF and CF, most of bed and head joints are closed (pattern AC). Some open bed and head joints near the fixed plungers can be seen.

Figure 4 . 26 :

 426 Figure 4.26: Test series S09: time variations of (a) the displacement and (b) the stresses in the masonry walls subjected to biaxial creep load at 1500 °C.

Figure 4 . 27 :

 427 Figure 4.27: Test series S09: displacement fields in a masonry wall subjected to biaxial compression creep load: (a) in the direction normal to head joints (horizontal direction in this image) and (b) in the direction normal to bed joints (vertical direction in this image) by the end of the holding step.

Figure 4 . 28 :

 428 Figure 4.28: Test series S09: joints patterns in a masonry wall subjected to biaxial compression creep load at 1500 °C by the end of the holding step.

4 .

 4 VALIDATION OF THE DEVELOPED MULTI-SCALE MODELS

Figure 4 . 29 :

 429 Figure 4.29: Test series S10: time variations of reaction forces, in the directions normal to bed and head joints, in a masonry wall subjected to a biaxial relaxation loading conditions at 1500 °C.

Figure 4 . 30 :

 430 Figure 4.30: Test series S10: joints patterns in a masonry wall subjected to biaxial relaxation: (a) after first loading, (b) after first unloading, (c) after second loading and (d) after second unloading.

Figure 4 . 31 :

 431 Figure 4.31: Schematic of masonry wall with mortar joints subjected to combination of compression and shear loading (left) [11] and the corresponding 3D FE model (right).

Figure 4 . 32 :

 432 Figure 4.32: Masonry wall subjected to in-plane shear: variations of the horizontal reaction force with the horizontal displacement, experimental and numerical results.

Figure 4 . 33 :

 433 Figure 4.33: Crack patterns in the masonry walls with mortar joints subjected to combination of uniaxial compression and shear loading: (a) experimental [11] and (b) numerical results.

Figure 4 . 34 :

 434 Figure 4.34: Schematic of masonry wall with mortar joints subjected to bending: geometry, boundary conditions [100] and finite element model.

Figure 4 . 35 :

 435 Figure 4.35: Vertical stress fields in a masonry wall subjected to bending load a) vertical force = 20 kN and b) vertical force = 60 kN.

Figure 4 . 36 :

 436 Figure 4.36: Distributions of vertical stresses in a masonry wall subjected to bending: experimental and numerical results.

Figure 4 . 37 :

 437 Figure 4.37: Crack patterns in a masonry wall subjected to bending load. (a) vertical force = 20 kN and (b) vertical force = 60 kN.

Figure 4 . 38 :

 438 Figure 4.38: Time variations of: (a) vertical displacement of point A in a masonry subjected to force loading and holding and (b) vertical reaction force of the loading beam in a masonry wall subjected to strain rate loading and holding.

Figure 4 . 39 :

 439 Figure 4.39: Crack patterns in a masonry subjected to: (a and b) constant force (20 kN) loading and holding in the vertical direction (y direction) and (c and d) constant strain rate ( Ė = 3.5 × 10 -4 ) loading and holding in the vertical direction.

Figure 5 . 1 :

 51 Figure 5.1: Schematic of a simplified steel ladle showing the different layers, all dimensions are in mm. The 5 mm thickness insulation layer is not represented.

Figure 5 . 2 :

 52 Figure 5.2: Temperature variations of the convection heat transfer cofficient used for (a) the first step and (b) the second step of the ladle thermal cycle.
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 41 Temperature fields Time variations of the temperature of the working lining hot face (HF, surface in contact with liquid steel), cold face (CF, surface in contact with the safety lining) and the steel shell outer surfaces (bottom and wall) during the first three complete production cycles are shown in Fig. 5.3. Temperature distributions at the end of step 1, the end of step 2, the beginning of step 3, and the end of step 4 of the first thermal cycle are presented in Fig. 5.4 (see table 5.2 for full description of the three simulated thermal cycles and details about the four steps of each thermal cycle). As explained earlier, during the first step (a to b), heat is transferred by forced convection from a heat transfer fluid at 1600 • C to the working lining (initial temperature is about 20 • C). As a result, the temperature of the working lining increases gradually from room temperature to around 1400 • C. Then, the steel ladle is transported from the heating device to the converter or electric arc furnace while losing heat to the environment by convection and radiation mechanisms (b to c). This leads to a drop in the temperature to around 1200 • C. After that (c to d), liquid steel at around 1650 • C is tapped into the ladle, resulting in a sudden increase in the temperature. At the end of the thermal cycle (d to e), the working lining temperature decreases gradually. The observed decrease in temperature is due to the teeming of liquid steel and the heat losses (by convection and radiation mechanisms) from external and internal surfaces of the ladle to the ambient. Then, the first thermal cycle is repeated two times (except preheating from ambient temperature).

Figure 5 . 3 :

 53 Figure 5.3: Temperature evolution of the working lining wall (mid. height), and bottom center (HF and CF) and outer surface of steel shell during the first three thermal cycles of the steel ladle.

Figure 5 . 4 :

 54 Figure 5.4: Temperature distributions (in °C) at the (a) end of step 1 (point b in Fig. 5.3), (b) end of step 2 (point c in Fig. 5.3), (c) end of step 3 (point d in Fig. 5.3), and (d) end of step 4(point e in Fig.5.3) of the first thermal cycle of the steel ladle.

Figure 5 . 5 :

 55 Figure 5.5: Temperature gradients through the thickness of the steel ladle's wall and bottom (a and b) at end of step 2 and (c and d) end of step 4 of three full ladle's thermal cycles (see table 5.2 for more details about each step of the three thermal cycles).

Figure 5 . 6 :

 56 Figure 5.6: Gradual closure and reopening of joints due to temperature fluctuations during the first heating cycle for joint thickness of 0.1 mm (case B in table 5.3). (a) Time = 0 s (point a in Fig. 5.3), (b) time = 0.13 h, (c) time = 0.19 h, (d) time = 0.5 h ((b) to (d) corresponds to points after point a and before point b in Fig. 5.3), (e) time = 2.1 h (point b in Fig. 5.3), (f) time = 6.75 h (point c in Fig. 5.3), (g) time = 6.8 h (point d in Fig. 5.3) and (h) time = 9.25 h (point e in Fig. 5.3). The top zone in the working lining (in grey) is castable.

Figure 5 . 7 :

 57 Figure 5.7: (a and b) Time variations of the thermal stresses at the wall surface (HF) and (c and d) bottom surface (HF) of the working lining for different values of bed and head joint thickness during the first three thermal cycles of the steel ladle.

Figure 5 . 8 :

 58 Figure 5.8: Time variations of the von Mises stresses in the (a) wall and (b) bottom of the steel shell for different values of bed and head joint thickness during the first three thermal cycles of the steel ladle.

5. 4 .

 4 Results and discussion trends (as cases A, B, C and D) of the resulting thermal stresses in the working lining and the steel shell can be observed from the figures.

Figure 5 . 9 :

 59 Figure 5.9: (a and b) Time variations of the thermal stresses in the wall HF and (c and d) bottom HF of the working lining for joints with perfect and natural behavior during the first three thermal cycles of the steel ladle.

Figure 5 . 10 :

 510 Figure 5.10: Time variations of the von Mises stresses in the (a) wall and (b) bottom of the steel shell for joints with perfect and natural behavior during the first three thermal cycles of the steel ladle.

5 .Figure 5 . 11 :

 5511 Figure 5.11: variations of the stresses (in the HF of the wall and the bottom) and comparisons of different constitutive material models including viscoplasticity.

  5.12-c). These described openings and closures of joints during the first and second changes of stress sign were noticed for each change of stress sign shown in Fig.5.11. Similar results were obtained using the micro modeling technique developed within the framework of ATHOR project at University of Leoben. In the safety lining, damage of bed or head or both mortar joints was observed. The damaged joints were mainly located in the top and the bottom zones of the wall 5.4. Results and discussion of the safety linings (see Fig.5.13). The re-closure of damaged mortar joints under compressive loads was not included in the numerical model, because this requires further experimental studies of the mortar joints behavior during re-closure and further developments of the numerical model that are planned to be carried out in the future.

Figure 5 . 12 :

 512 Figure 5.12: Joints reopening and closure in the wall and the bottom (working lining) of the steel ladle due to temperature fluctuations and the change of stress sign (from compressive to tensile and vice versa) at (a) the end of the second step, (b) the beginning of the third step and (c) the end of the fourth step of the first thermal cycle of the steel ladle.

Figure 5 . 13 :

 513 Figure 5.13: Damage of mortar joints in the safety lining wall.

Figure 5 . 14 :

 514 Figure 5.14: Viscoplastic strains fields in the wall (a and b) and the bottom (c and d) in directions (a) θθ, (b) zz , (c) xx and (d) yy by the end of the three simulated thermal cycles of the steel ladle.

Figure 5 . 15 :

 515 Figure 5.15: Time variations of von Mises stresses in the hot face of the steel shell wall and bottom for cases E, F and A during the first three thermal cycles of the steel ladle.

Figure 5 . 16 :

 516 Figure 5.16: (a) Example of von Mises stress (in MPa, case A) in the barrel zone of the steel shell and (b) damage and permanent deformation of the top flange of a real steel ladle.

Figure 5 . 17 :

 517 Figure 5.17: Maximum values of von Mises stress in the steel shell obtained from the six simulated case studies.
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  Eq. 1.21 is known as Voigt bound. Under the uniform stress assumption, it follows from Eq. 1.14 and 1.15 that B i = B m = I. The effective compliance of the material is expressed as:

	1.3. Homogenization techniques
	21)

Table 2 . 2 :

 22 Summary of the uniaxial compression tests of refractory masonry walls performed at room and high temperature.

	Test series Specimen	Temperature	Maximum load Wall dimensions (mm)
		S01-01			
	S01	S01-02	Room temperature	Up to failure	450×1000×140
		S01-03			
		S02-01			
	S02	S02-02	High temperature	8 MPa	1350× 1000×140
		S02-03			
	2.2.5 Test procedures, results and discussions	
	2.2.5.1 S01 -uniaxial compression up to rupture at room temperature

Table 2 . 3 :

 23 Fourteen tests of alumina spinel refractory masonry walls were performed. Six of them were performed at room temperature and the remaining eight tests were carried out at high temperature. The test series names, loading conditions in directions perpendicular to the surfaces of bed and head joints and testing temperatures are given in table 2.3. For all tests, the dimensions of the walls were 1125×1100×140 mm 3 . Summary of the biaxial compression tests of refractory masonry walls performed at room and high temperatures.Schematics of the specimens showing their dimensions, bricks arrangements, locations of the LVDTs and arrangements of the tube in tube devices of the eight test series are given in Figs. 2.20 and 2.22. An image of S05 (room temperature test) showing the arrangements of the bricks, speckle pattern, LVDTs, moving and fixed plungers is shown in Fig.2.21. An image of S09 (high temperature test) showing the arrangements of the bricks, LVDTs, moving and fixed plungers is shown in Fig.

	2.3. Biaxial compression tests

Table 3 . 1 :

 31 Material parameters of the refractory bricks and the mortar.

	Property

-8 

, 2 × 10 -14 , 2 × 10 -5

3. MULTI-SCALE MODELING OF REFRACTORY MASONRY

Table 3 . 2 :

 32 Effective elastic and viscoplastic 4 th order tensors of the four joint patterns of masonry with dry joints (perfect joints).

	Pattern		C e (MPa)					N (-)		
	12222 3055 3055	0	0	0	2.01 -0.99 -0.99	0	0	0
		12222 3055	0	0	0		2.01 -0.99	0	0	0
	AC		12222	0 4583	0 0	0 0			2.01	0 6.01	0 0	0 0
		sym.			4583	0		sym.		6.01	0
						4583						6.01
	4430 1113 1103	0	0	0	6.25 -1.10 -0.49	0	0	0
		11738 2560	0	0	0		2.01 -0.99	0	0	0
	HO		11733	0 3602	0 0	0 0			1.99	0 8.25	0 0	0 0
		sym.			4583	0		sym.		6.01	0
						4583						6.01
	1	0	0	0	0	0	0	0	0	0	0	0
		1	0	0	0	0		0	0	0	0	0
	AO		12222	0 1	0 0	0 0			2.01	0 0	0 0	0 0
		sym.			4583	0		sym.		6.01	0
						4583						6.01
	12222	0	3055	0	0	0	2.01	0	-0.99	0	0	0
		1	0	0	0	0		0	0	0	0	0
	BO		12222	0 1	0 0	0 0			2.01	0 0	0 0	0 0
		sym.			4583	0		sym.		6.01	0
						4583						6.01
	3.2.2 Nonlinear homogenization of masonry with mortar joints		
	3.2.2.1 Pattern AS										

Table 3 . 3 :

 33 Effective elastic and viscoplastic 4 th order tensors of the four joint patterns of masonry with mortar joints.

	Pattern		C e (GPa)					N (-)		
	10.9	2.4	2.7	0	0	0	1.91 -0.95 -0.95		0	0
		10.3	2.8	0	0	0		2.01	-1.0		0	0
	AS		11.6	0 3.7	0 0	0 0			2.04		0 0	0 0
		sym.			4.2	0		sym.			6.04	0
						4.2						6.04
	10.9	0	2.7	0	0	0	1.91	0	-0.95		0	0
		0.001	0	0	0	0		0	0		0	0
	BD		11.6	0 0.001	0 0	0 0			2.04		0 0	0 0
		sym.			4.2	0		sym.			6.04	0
						4.2						6.04
	4.26	1	1	0	0	0	4.59 -1.10 -0.77		0	0
		10.0	2.2	0	0	0		2.04 -1.02		0	0
	HD		11.6	0 2.7	0 0	0 0			2.06	7.4	0 0	0 0
		sym.			4.2	0		sym.			6.04	0
						4.2						6.04
	0.001	0	0	0	0	0	0	0	0		0	0
		0.001	0	0	0	0		0	0		0	0
	AD		11.6	0 0.001	0 0	0 0			2.04		0 0	0 0
		sym.			4.2	0		sym.			6.04	0
						4.2						6.04
	3.3 Joints closure and/or opening criteria			
	3.3.1 Closure and reopening criteria of dry joints			

As discussed above, each joint pattern has different homogeneous elastic viscoplastic response.

Table 4 . 3 :

 43 Shear test of masonry walls: mechanical parameters of the bricks, the mortar and the brick/mortar interface[START_REF] Lourenço | Computational strategies for masonry structures[END_REF].

		Y (MPa)	ν	f t (MPa)	C	T an φ
	Brick	16000	0.15		---
	Mortar	800	0.15		---
	Interface	---		0.25	1.4 × f t	0.75

Table 4 . 4 :

 44 Shear test of masonry walls: effective elastic parameters of the four joint patterns calculated using FE based homogenization technique.

	Pattern		C e (MPa)		
	8593	503	1342	0	0
		3952	637	0	0
	AS		13258	0 1590	0 0
		Sym.			1723
					3975
	8593	0	1342	0	0
		1	0	0	0
	BD		13258	0 1	0 0
		Sym.			1723
					3975
	4220	358	677	0	0
		3856	602	0	0
	HD		13226	0 1353	0 0
		Sym.			1707
					3975
	1	0	0	0	0
		1	0	0	0
	AD		13258	0 1	0 0
		Sym.			1723
					3975

  4.34. Pressed solid clay bricks with length of 122 mm, height of 37 mm and depth of 54 mm were periodically arranged in a running bond texture. The thickness of the mortar joints was 5 mm. The mechanical parameters of the bricks, the mortar and the brick/mortar interface are reported in table 4.5. The values of G xy and ν xy of the bricks are 2890 MPa and

Table 4 . 5 :

 45 Deep beam test, mechanical parameters of the bricks, the mortar and the brick/mortar interface[START_REF] Lourenço | Computational strategies for masonry structures[END_REF][START_REF] Lopez | A homogeneous constitutive model for masonry[END_REF].

		Y x	Y y	Y z	ν	f t	C	T an φ
	Brick	5920	7550	5920	0.167		---
	Mortar	1200	1200	1200	0.21		---
	Interface		---			0.29	1.4 × f t	0.75

Table 4 . 6 :

 46 Deep beam test, effective elastic parameters of the four joint patterns.

	Pattern		C e (MPa)		
	5095	954	999	0	0
		4938	862	0	0
	AS	Sym.	5485	0 1698	0 0
					1783
					2042
	4910	0	999	0	0
		1	0	0	0
	BD		5485	0 1	0 0
		Sym.			1783
					2042
	2805	589	511	0	0
		4803	768	0	0
	HD		5339	0 1367	0 0
		Sym.			1783
					2042
	1	0	0	0	0
		1	0	0	0
	AD		5485	0 1	0 0
		Sym.			1783
					2042
	supports) can be observed. In addition, shear failure of head joints in the two compressive arms
	can be seen. With the increase of the vertical force (P ), the number of damaged joints increases.

  4.3. Conclusioncompression at room and high temperature. It has been shown that the developed numerical model can reproduce with reasonable accuracy the nonlinear orthotropic elastic viscoplastic behavior of masonry with dry joints and accounts for gradual closure of joints and joints reopening. The multi scale model of masonry with mortar joints has been employed to simulate masonry walls subjected to in-plane shear and bending loads. With reasonable accuracy, the present model was able to predict the mechanical response of the studied cases. The validated models of masonry with dry and mortar joints will be employed later in chapter 5 to simulate and investigate the transient thermomechanical response of an industrial scale steel ladle.

	CHAPTER 5

Table 5 . 1 :

 51 Thermo-physical and mechanical properties of the materials used for the different layers in the studied steel ladle.

	Lining	Layer	Properties			References
			ρ (kg/m 3 )	7840		
				47.3 at 200	°C
			k (W/m.K)	42.3 at 350
	Steel shell	Steel shell		37.3 at 500	°C	[129, 131, 138]
			C p (J/kg.K)	530 at 200 666 at 500	°C °C
			Y (GPa)	210 at 20 170 at 400	°C °C
			CTE (10 -6 K -1 )	12		
			ρ (kg/m 3 )	2660		
				2.6 at 400	°C
			k (W/m.K)	2.1 at 800	°C
		Bottom and wall		2 at 1200	°C
	Safety lining	bricks (dense layer)	C p (J/kg.K)	8900 at 200 1144 at 1200 °C °C	[129, 138]
				4.5 at 800	°C
			Y (GPa)	3.5 at 1000	°C
				1 at 1200	°C
			CTE (10 -6 K -1 )	6		
			ρ (kg/m 3 )	510		
	Insulation	Bottom and wall insulation (porous layer)	k (W/m.K)	0.15 at 250 0.25 at 800 0.34 at 1350	°C °C °C	[129, 131, 138]
			C p (J/kg.K)	1047		
			Y (GPa)	0.3		
			CTE (10 -6 K -1 )	9		

Table 5 . 3 :

 53 Summary of the six simulated case studies of the ladle showing the considered joint behavior, joint thickness and employed constitutive material models for the working, safety linings and steel shell.

	Case		Joint	Working lining	Safety lining	Steel shell
		Type	Thickness (mm)			
	A	No Joint	Isotropic -Elastic		
	B C	Perfect Joint	0.1 0.3	Orthotropic -	Isotropic -Elastic	Elastic
	D		0.5	Elastic		
	E	Natural Joint	0.5			
				Orthotropic -	Orthotropic -	
	F	Natural Joint	0.5	Elastic -Viscoplastic	Elastic -Damageable	Elastic -Plastic

All tests presented in this chapter are performed in collaboration with Early Stage Researcher (ESR) 11: Rafael DE OLIVEIRA (University of Coimbra). To perform these tests, ESR 10 Mahmoud ALI did two secondments at University of Coimbra and RHI Magnesita.
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