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Résumé étendu

Étude multi-échelle de l'interaction pneu-chaussée en conditions de roulement basée sur le couplage de la méthode des éléments f inis et de 

Contexte

Alors que le trafic augmente à pas de géant, la détérioration des couches de surface d'enrobé apparaît comme la première cause des coûts du réseau routier. Une compréhension approfondie de l'interaction pneu-chaussée est essentielle pour optimiser la conception de la surface des chaussées en béton bitumineux dans le contexte d'infrastructure vieillissante et de ressources d'entretien limitées. Pour faire face aux difficultés découlant de la complexité et de l'inadéquation des méthodes expérimentales dans l'examen de l'interaction pneu-chaussée, les approches numériques telles que la méthode des éléments finis (FEM) et la méthode des éléments discrets (DEM) sont apparues comme un moyen prometteur et efficace de mieux comprendre les performances des enrobés bitumineux au cours des dernières décennies.

La plupart des études actuelles sur l'interaction entre le pneu et la chaussée ont été menées dans le cadre de la mécanique des milieux continus à l'aide de la méthode des éléments finis, qui présente des limites dans la modélisation de la nature discontinue des mélanges bitumineux. La DEM offre un moyen prometteur d'analyser les propriétés mécaniques des enrobés bitumineux à l'échelle des particules, mais elle n'est pas adaptée pour modéliser la structure déformable des pneus et déterminer les forces de contact réalistes des pneus iii sur la surface de la chaussée. Ce travail de thèse est consacrée à l'étude du système d'interaction entre le pneu et la chaussée sur la base de simulations numériques. Deux méthodes numériques principales, FEM et DEM, sont utilisées pour modéliser ce système à plusieurs échelles, de manière différente.

Objectifs de la thèse

Pour simuler un système dynamique d'interaction mutuelle comprenant un pneu et un enrobé au niveau micro-structural, trois problèmes doivent être résolus principalement: Tout d'abord, rechercher une représentation réaliste de la charge du pneu; Deuxièmement, modéliser un enrobé en considérant explicitement les caractéristiques de ses différents composants (granulats irréguliers, liant bitumineux, etc.); Enfin, appliquer la charge du pneu roulant à la structure du mélange en couplant les deux modèles ci-dessus.

Cette thèse se consacre à l'étude du système d'interaction pneu-chaussée à partir de simulations numériques. Deux méthodes numériques principales, FEM et DEM, sont utilisées pour modéliser ce système à partir de multiéchelles, différemment. Enfin, des simulations de couplage FEM-DEM sont présentées pour étudier les réponses du mélange d'enrobé au niveau des particules, ce qui remplit l'objectif d'enquêtes multi-échelles sur les mécanismes d'interaction pneu-chaussée.

Plan du Mémoire

Ce travail de thèse est divisée en sept chapitres. Le premier chapitre présente les objectifs, la portée de l'étude et les grandes lignes de la thèse. Le deuxième chapitre donne un aperçu des recherches précédentes sur l'analyse mécanique des réponses de la chaussée, l'interaction pneu-chaussée, la modélisation des mélanges bitumineux et les théories de simulation multi-échelles. En utilisant la théorie de la mécanique des milieux continus, le troisième chapitre décrit le couplage pneu-capteur-chaussée développé qui intègre les charges de roulement réelles des pneus dans la modélisation de la couche de béton bitumineux et analyse la réponse dynamique de cette couche sous diverses charges de roulement des pneus. Basé sur la méthode de la dynamique des contacts, le quatrième chapitre présente le modèle DEM développé pour les mélanges bitumineux, qui intègre une morphologie réaliste des agrégats et des

Contraintes de contact entre le pneu et la chaussée

Des mesures expérimentales et une modélisation numérique des pneus ont été utilisées pour obtenir les contraintes de contact des pneus sur les surfaces des chaussées en béton bitumineux dans cette étude, comme indiqué au chapitre 3. Les principales conclusions sont présentées ci-dessous.

Mesures expérimentales

Pour mesurer les contraintes de contact des pneus sur les surfaces de la chaussée, le système Tekscan a été utilisé. Il a été démontré que les contraintes de contact entre le pneu et la chaussée ne sont pas uniformes sur toute la surface de contact, et que la charge et la pression de gonflage du pneu affectent les valeurs des contraintes de contact et la surface de contact (Figure 1).

Par rapport à la pression de gonflage du pneu testé, les valeurs maximales de la contrainte de contact du pneu sont beaucoup plus élevées et concentrées au centre de l'empreinte du pneu. En outre, à mesure que les charges du pneu augmentent, la zone de contact passe d'une concentration centrale à un aplatissement latéral, tandis que la valeur maximale de la contrainte de contact augmente légèrement pour deux pressions de gonflage du pneu. En revanche, l'augmentation des pressions de gonflage des pneus accroît considérablement les contraintes de contact entre le pneu et la chaussée. Par rapport à la charge du pneu, la pression de gonflage semble avoir un impact plus significatif sur la distribution des contraintes de contact pneu-chaussée. 

Modélisation numérique des pneus

En raison de la limitation des capteurs expérimentaux dans la mesure des contraintes de contact tangentielles des pneus sur la surface de la chaussée, une stratégie de modélisation numérique des pneus et sa calibration ont été développées afin d'obtenir les contraintes de contact pneu-chaussée, au chapitre 5.

Des techniques de scan laser 3D et de traitement d'image ont été utilisées pour reconstruire la géométrie du pneu. En utilisant la FEM, la structure du pneu a été construite sur la base de sa forme, et les paramètres pertinents ont été déterminés par des essais expérimentaux de compression. Compte tenu de ses performances et de sa stabilité numérique dans les simulations de systèmes non linéaires, la méthode de dynamique des contacts (CD) est utilisée pour résoudre les conditions de contact entre le pneu et la chaussée par le biais d'une formulation de contact implicite.

Dans des conditions de roulement libre et de freinage roue bloquée, le pneu induit trois composantes de contraintes de contact (verticale, transversale, longitudinale) et tous les types de contraintes de contact ne sont pas uniformes sur toute la surface de contact (Figures 2 et 3 ). La contrainte de contact verticale est beaucoup plus importante que les deux autres contraintes de contact tangentielles, que ce soit en roulement libre ou en freinage roue bloquée. En outre, en cas de freinage total, la contrainte de contact tangentielle sur la surface de la chaussée est beaucoup plus élevée qu'en cas de roulement libre. 

Modélisation des mélanges bitumineux

Modèle FEM du mélange bitumineux

Le cadre de la mécanique des milieux continus a été utilisé pour effectuer des simulations macroscopiques des mélanges d'enrobés bitumineux, compte tenu du coût de calcul des simulations de chaussées en enrobés bitumineux, comme cela a été présenté dans le chapitre 3.

Dans les simulations numériques par éléments finis, le modèle VENoL (NOn-Linear ViscoElastic) a été mis en oeuvre pour caractériser les propriétés du mélange bitumineux en fonction de la fréquence, de l'amplitude de déformation et de la température.

D'après les résultats de la simulation numérique, ce modèle est capable de décrire avec précision les propriétés viscoélastiques du mélange bitumineux sous des températures et des fréquences variées pendant l'essai de module complexe, comme le démontrent les mesures du module complexe 2PB (Figure 4). Les échantillons de mélange d'enrobé ont été générés par une méthode de pavage de Voronoï en 3D, basée sur les statistiques de morphologie des particules, notamment le rapport d'aspect moyen et la valuer moyenne et l'écart type de la sphéricité. à différentes températures et fréquences (Figure 5). Les résultats ont montré un bon accord entre les courbes maîtresses numériques correspondantes et les résultats expérimentaux pour la norme du module complexe et l'angle de phase.

Après l'analyse microscopique, la force tangentielle et la force normale entre les particules semblent augmenter avec la diminution de la température et l'augmentation de la fréquence de chargement. En outre, la comparaison de la force tangentielle et de la force normale entre les particules pendant le chargement cyclique pourrait donner un aperçu du mécanisme d'initiation de l'endommagent pour les mélanges bitumineux.

Réponses des mélanges bitumineux sous la charge des pneus Couplage pneu-capteur-chaussée

Pour l'analyse des réponses macroscopiques des enrobés bitumineux, un couplage pneu-capteur-chaussée a été proposé sur la base de la théorie de la mécanique des milieux continus, au chapitre 4. La réponse des couches de béton bitumineux à des conditions de travail variables, notamment la vitesse de roulement du pneu, la charge du pneu, la pression de gonflage et la température de l'environnement externe, a été examinée. La Figure 6 illustre le processus de chargement du pneu roulant sur la couche de béton bitumineux. D'après les résultats, le déplacement résiduel de la surface de la couche de béton bitumineux augmente avec la charge du pneu et la diminution de la vitesse du pneu, respectivement. En raison de leurs contributions opposées au déplacement résiduel, la charge du pneu et la surface de contact doivent être évaluées simultanément pour les effets de la pression de gonflage du pneu. Une augmentation significative du déplacement résiduel est observée à des températures élevées (lorsque la température dépasse 20

• C) pour les effets de la température sur les réponses de la couche de béton bitumineux. La zone d'influence du champ de distribution du déplacement résiduel augmente à mesure que la température augmente, surtout à des températures élevées. Au chapitre 5, nous avons proposé une stratégie de couplage de base pour analyser les réponses des mélanges bitumineux sous des charges quasistatiques non uniformes de pneus. En construisant une série d'éléments de nervure sur la surface de la couche de béton bitumineux DEM, les contraintes de contact du pneu obtenues des simulations FEM pourraient être appliquées sur cette dernière comme un champ de force. En ajustant le nombre et la taille des éléments dans chaque élément de nervure, la forme exacte de la surface de contact du pneu à un niveau de charge donné peut être considérée.

Les résultats de la simulation montrent que dans des conditions de freinage total, les particules à l'intérieur du mélange bitumineux ont tendance à s'écouler dans la direction longitudinale et à tourner vers l'avant, ce qui entraîne une instabilité structurelle.

La distribution des valeurs de la force tangentielle en cas de freinage total est plus élevée que celle en cas de roulement libre, selon l'analyse de la force de contact des particules. Les résultats indiquent que dans des conditions de freinage total, les particules du mélange subissent un cisaillement plus important que dans des conditions de roulement libre, ce qui entraîne probablement une initiation plus précoce de l'endommagement.

L'effet de l'état de roulement des pneus sur le comportement des enrobés bitumineux a été vérifié dans une étude montrant que la force de contact des particules en cas de freinage roue bloquée est plus élevée qu'en cas de roulement libre.

Au niveau du plan de contact, le freinage total provoque un cisaillement important, ce qui peut conduire à un endommagement précoce. D'après la distribution du déplacement des particules, celles-ci ont tendance à s'écouler et à tourner dans la direction longitudinale en cas de freinage total, ce qui entraîne des perturbations structurelles.

Simulation sous charges roulants

Au chapitre 6, une méthode avancée de couplage FEM-DEM est développée pour étudier les réponses des mélanges bitumineux au niveau des particules sous charges réelles de pneus roulants (Figure 7). Le noyau du couplage FEM-DEM consiste à détecter les particules correspondantes sur la couche de béton bitumineux, qui sont en contact avec les noeuds de l'aire de contact pneu-chaussée. À cette fin, la détection des contacts entre les particules et les noeuds du maillage est effectuée à deux niveaux. Tout d'abord, une détection grossière est effectuée à l'aide de l'algorithme bounding box afin d'identifier les particules dans le voisinage d'une zone maillée de référence. Lorsqu'un noeud de maillage se trouve à l'intérieur de la bounding box, une détection plus fine est effectuée à l'aide de la méthode du produit vectoriel afin de déterminer quelle surface de la particule est en contact direct avec le point nodal de la force de contact du pneu. Une fois les forces nodales de contact du pneu composées de trois éléments appliquées aux particules sur la surface de la couche d'enrobé bitumineux, la simulation du couplage a été réalisée à l'aide de calculs par itération temporelle. L'efficacité de la méthode de couplage est validée en combinant l'analyse des distributions de déplacement des particules et des contraintes de contact pneu-chaussée dans trois directions (transversale, longitudinale et verticale), comme indiqué dans la Figure 8. Pendant le roulement du pneu sur la surface de la couche d'enrobé, le réseau de force des particules évolue de manière cohérente (Figure 9), ce qui montre l'efficacité des simulations de couplage.

Il a été prouvé qu'une faible vitesse du pneu entraîne un important déplacement résiduel des particules, ce qui conduirait éventuellement à une déformation permanente et irrémédiable du mélange bitumineux. Des résultats similaires à ceux des simulations quasi-statiques mentionnées précédemment ont été observés lors de l'évaluation de l'effet de l'état de roulement des pneus sur le comportement du mélange bitumineux par l'analyse de la force de contact des particules (Figure 10). Au niveau du plan de contact, le freinage roue bloquée provoque une quantité significative de cisaillement, ce qui peut conduire à une initiation précoce de l'endommagement. Les particules ont tendance à s'écouler et à tourner dans la direction longitudinale lors d'un freinage roue bloquée, ce qui pourrait entraîner des perturbations structurelles. En outre, les particules soumises à un freinage roue bloquée ont tendance à avoir une composante de déplacement importante dans le sens longitudinal en raison des forces à la limite du pneu, ce qui pourrait entraîner une déformation permanente importante. This work was undertaken at the National Institute of Applied Sciences of Strasbourg (INSA Strasbourg), in the Engineering Science, Computer Science and Imaging Laboratory ICube, UMR7357. Firstly, the general background and motivation of the thesis are given in this chapter. Then, the objectives and research scope are discussed. Finally, an outline of the remainder of the thesis is presented.

Conclusions et perspectives

General background and motivation

Road infrastructure is currently undergoing massive changes and challenges. Most existing roads are not sufficiently durable, and their lifespan is shorter than expected. The durability of the road infrastructure will also be negatively affected by the increase in traffic volume and climatic changes. Indeed, during most of its lifetime, the road is loaded with overrunning tires and exposed to climatic impact. During this time, failure processes (e.g., ruts and fractures) begin, which eventually lead to the end of the road's life. To obtain high-quality predictions of the performance of a road system over its lifetime, it is critical to simulate the real system as exactly as possible. The life cycle of a road begins with the raw materials used to manufacture it.

Asphalt mixtures are complex multi-phase composite materials extensively used in road construction, such as highways and urban pavements. A significant part of road network costs is related to surface degradation, which tends to occur most frequently on asphalt surface layers. Due to its heterogeneous structure, the material response of an asphalt mixture is determined by the properties of its components (aggregates, asphalt binder, and air voids), changing environmental variables (temperature, moisture, etc.), and interaction with loading tires and underlying substrate. Therefore, it is crucial to assess the mixture responses at a micro-structural level under real tire load conditions in order to better understand and model its behavior.

Asphalt mixtures under rolling tire loads are subjected to three-dimensional stress states with varying stress levels in each dimension. Therefore, it is usually difficult to achieve such complex boundary conditions through laboratory tests due to the limited capabilities of testing equipment and measurement systems. Full-scale tests based on the Accelerated Pavement Testing (APT) method [START_REF] Gonzalez | Full-scale experiment on foam bitumen pavements in an accelerated testing facility[END_REF][START_REF] Ml Nguyen | Development of a rational design procedure based on fatigue characterisation and environmental evaluations of asphalt pavement reinforced with glass fibre grid[END_REF][3][4] are an effective approach for assessing macroscopic pavement performance under real tire loading. However, it is still a struggle to get insight into the internal mechanisms of the mixture damage from a microscopic point of view by using APT.

To cope with the difficulties arising from the complexity and inadequacy of experimental measurements, numerical approaches such as the Finite Element Method (FEM) and the Discrete Element Method (DEM) have emerged as a promising and effective way of gaining insight into asphalt mixture performance in recent decades.

Objectives and scope

For simulating a dynamic mutual interaction system comprising a tire and an asphalt mixture at the micro-structural level, three issues need to be addressed primarily: Firstly, seeking a realistic representation of the tire load; secondly, modeling an asphalt mixture while explicitly considering characteristics of its different components (irregular aggregate particles, asphalt binder, etc.); finally, applying the rolling tire load to the mixture structure by coupling the two models above.

This thesis is dedicated to the investigation of the tire-pavement interaction system based on numerical simulations. Two main numerical methods, FEM and DEM, are used to model this system from distinct multi-scales. Finally, FEM-DEM coupling simulations are presented to investigate asphalt mixture 1.3. Thesis outline responses at the particle level under tire loads, which fulfills the goal of multiscale investigations of tire-pavement interaction mechanisms.

Thesis outline

This dissertation is divided into seven chapters.

The introduction chapter presents the objectives, scope of the study, and outline of the thesis.

The second chapter gives an overview of previous research on the mechanistic analysis of pavement responses, tire-pavement interaction, asphalt mixture modeling, and multi-scale simulation theories.

The 

Traffic loads in asphalt pavement design

Asphalt pavements are subjected to vehicular traffic loads throughout their lifecycle, which leads to the continuous deterioration of pavement performance and further reduces their service life, and finally, increases maintenance costs.

A variety of distresses, including permanent deformation (rutting), fatigue cracks, low-temperature thermal cracks, potholes, raveling, and more, occur on asphalt pavements as a result of repeated vehicle loads and local environmental conditions [5][6][START_REF] Litzka | The Way Forward for Pavement Per-164 Bibliography formance Indicators Across Europe[END_REF][START_REF]Mechanistic-empirical pavement design guide: A manual of practice[END_REF][START_REF]South african pavement engineering manual (sapem)[END_REF].

A variety of factors contribute to pavement distress, including vehicle characteristics, pavement material properties, pavement structures, and most importantly, the load transfer mechanism from vehicles to pavements [START_REF] Cebon | Theoretical road damage due to dynamic tyre forces of heavy vehicles part 2: simulated damage caused by a tandem-axle vehicle[END_REF][START_REF] Cebon | Interaction between heavy vehicles and roads[END_REF][START_REF] Ms Mamlouk | Vehicle-pavement interaction[END_REF][START_REF] Michael J Markow | Analyzing the interactions between dynamic vehicle loads and highway pavements[END_REF].

Tires are the only interface between vehicles and a pavement surface, so as asphalt pavements gradually deteriorate due to the tire-pavement interaction [START_REF] Ullah | Self-stress and deformation sensing of electrically conductive asphalt concrete incorporating carbon fiber and iron tailings[END_REF][START_REF] Ma | Stiffness identification method for asphalt pavement layers and interfaces using monitoring data from built-in sensors[END_REF]. It is therefore crucial to study the tire-pavement interaction to understand the load transfer mechanism.

In the conventional pavement design method, elastic layer theory is widely used in calculating critical pavement responses under traffic loads [START_REF] Hsien | Pavement analysis and design[END_REF][START_REF] Corté | Design of pavement structures: the french technical guide[END_REF][START_REF] Hechter | Pavement analysis and design software (pads) based on the south african mechanistic-empirical design method[END_REF].

The layered elastic analysis utilizes an axisymmetric, isotropic, elastic layer model in which the bottom and sides are assumed infinite, and the wheel load is at the top. The thickness (t) of each layer is parameterized, Young's modulus (E) and Poisson's ratio (v) are determined experimentally and applied to each layer, and the layer interface is permitted to have full to zero slip. As shown in Figure 2.1, the horizontal tensile strain (ϵ h ) at the bottom of the asphalt layer, and the vertical compressive strain (ϵ v ) at the top of the compacted soil layer are of crucial importance in the traditional pavement design.

An excessive value of ϵ h can cause the pavement surface to develop a fatigue crack that continues upwards to the surface of the pavement. As a result of excessive ϵ v , the compacted soil layer can become permanently deformed, which will be apparent on the surface of the pavement as rutting over time. Empirical relationships based on these two quantities are used to estimate fatigue and rutting [START_REF] Hsien | Pavement analysis and design[END_REF].

As part of the design method, the tire contact area is considered as a circle, and the tire load is assumed to be uniform and equal to the tire inflation pressure for the sake of computation simplicity [START_REF] Király | Simulation of static tyre-pavement interaction using two fe models of different complexity[END_REF][START_REF] De | Measurement of tyre/pavement interface stresses under moving wheel loads[END_REF]. These assumptions have been proved to be practical to some extent in predicting some pavement distress such as fatigue crack and rutting. However, with the development of traffic technology and the increasing traffic loads, more and more asphalt layer surface damage occurs with interaction with vehicle tires, which is hardly predictable by using the traditional simplified design method.

Numerous studies have demonstrated that actual tire loads induce quite different pavement responses compared to uniform loads [START_REF] Park | Evaluation of predicted pavement response with measured tire contact stresses[END_REF][START_REF] Raj V Siddharthan | Investigation of tire contact stress distributions on pavement response[END_REF][START_REF] Jiang | 3d fem analysis of flexible base asphalt pavement structure under nonuniform tyre contact pressure[END_REF], particularly in terms of pavement surface degradation and near-surface crack development [START_REF] Imad | Dynamic analysis and in situ validation of perpetual pavement response to vehicular loading[END_REF][START_REF] Wang | Analysis of near-surface cracking under critical loading conditions using uncracked and cracked pavement models[END_REF]. This changing trend has shifted our attention in understanding the deformation mechanisms of pavement surfaces under actual tire loading.

Examination of tire loads on pavements

An accurate characterization of tire-pavement contact stress distribution is a prerequisite for understanding the degradation mechanism of asphalt surface layers and predicting the distress evolution. Many researchers conclude that the tire imprint shape and tire contact stress distributions are dependent on tire loads and tire inflation pressures, and the tire contact stresses are not uniform across the contact area [START_REF] Pau | Ultrasonic measurements of contact area and pressure distribution of a pneumatic tire on a rigid surface[END_REF][START_REF] Edem | Towards fast modelling of the tire-pavement contact[END_REF][START_REF] De | Stress-in-motion (sim) system for capturing tri-axial tyre-road interaction in the contact patch[END_REF].

Experimental measurements

Sensor measuring systems provide an effective and precise solution for assessing tire contact stresses on the pavement surface. De Beer developed Stress-in-motion (SIM) system (Figure 2.2) to measure the tire contact stress distribution [START_REF] De | Stress-in-motion (sim) system for capturing tri-axial tyre-road interaction in the contact patch[END_REF][START_REF] De Beer | Toward using tire-road contact stresses in pavement design and analysis[END_REF][START_REF] De | Towards understanding tyrepavement contact in apt research on flexible pavements[END_REF]. The SIM system was initially referred to as the Vehicle-Road Surface Pressure Transducer Array (VRSPTA) [START_REF] De | Measurement of tyre/pavement interface stresses under moving wheel loads[END_REF][START_REF] Blab | Modeling measured 3d tire contact stresses in a viscoelastic fe pavement model[END_REF]. In recent years, the Tekscan measuring system (Figure 2.3) was also widely used to get access to the tire contact stress distributions on the pavement surface. Prior research has proven that the Tekscan system is an efficient method to measure real tire contact pressures on pavement surfaces during a range of tire loading conditions [START_REF] Edem | Towards fast modelling of the tire-pavement contact[END_REF][START_REF] Oubahdou | Effect of the tire-pavement contact at the surface layer when the tire is tilted in bend[END_REF][START_REF] Wang | Numerical simulation of mechanical response analysis of asphalt pavement under dynamic loads with non-uniform tire-pavement contact stresses[END_REF].

Experiments have shown, however, that the real tire load is not uniform and that the stress distribution is not normal to the rolling surface since both vertical and tangential contact stresses are generated at the tire-pavement interface [START_REF] Pau | Ultrasonic measurements of contact area and pressure distribution of a pneumatic tire on a rigid surface[END_REF][START_REF] De | Stress-in-motion (sim) system for capturing tri-axial tyre-road interaction in the contact patch[END_REF][START_REF] Wang | Impact quantification of wide-base tire loading on secondary road flexible pavements[END_REF].

Numerical tire modeling

The tire-pavement interaction is an extremely complex contact problem. Experimental measurements are arduous because of their time-consuming ex- penses and limitations in studying various boundary conditions of this interaction system. On the other hand, numerical tools provide an effective way to explore this system while taking into account the system's complexity.

Several FEM tire models were built to study tire contact stresses under different working conditions, such as the models developed by Korunović et al. [START_REF] Korunović | Finite element model for steady-state rolling tire analysis[END_REF], Wang et al. [START_REF] Wang | Simulation of tyre-pavement interaction for predicting contact stresses at static and various rolling conditions[END_REF], Wollny et al. [START_REF] Wollny | Numerical simulation of pavement structures with inelastic material behaviour under rolling tyres based on an arbitrary lagrangian eulerian (ale) formulation[END_REF][START_REF] Wollny | Numerical modelling of tyre-pavement interaction phenomena: coupled structural investigations[END_REF], and Guo et al. [START_REF] Guo | Tire-pavement contact stress characteristics and critical slip ratio at multiple working conditions[END_REF][START_REF] Guo | Analysis of contact stresses and rolling resistance of truck-bus tyres under different working conditions[END_REF].

Wang et al. [START_REF] Wang | Simulation of tyre-pavement interaction for predicting contact stresses at static and various rolling conditions[END_REF] validated the non-uniformity of tire contact stresses and localized tangential contact stresses based on the finite element method (FEM). Guo et al. [START_REF] Guo | Tire-pavement contact stress characteristics and critical slip ratio at multiple working conditions[END_REF][START_REF] Guo | Analysis of contact stresses and rolling resistance of truck-bus tyres under different working conditions[END_REF] analyzed the contact stress distribution of a bus tire on the pavement using FEM, and various tire work conditions were found to affect critical slip ratios and rolling resistance. Figure 2.4 shows an example of the numerical tire modeling process using FEM.

To reduce the cost of FEM computation, Manyo et al. [START_REF] Ey Manyo | Tire-pavement tractive rolling contact under turning conditions: towards pavement top-down cracking[END_REF][START_REF] Edem | Approach of pavement surface layer degradation caused by tire contact using semianalytical model[END_REF] proposed a fast tire-pavement modeling method combing photogrammetric techniques and the semi-analytical method (SAM) and studied pavement responses under different tire rolling conditions. They found that the maximum tensile strains caused by tire edges could lead to top-down cracking. Oubahdou et al. [START_REF] Oubahdou | Effect of the tire-pavement contact at the surface layer when the tire is tilted in bend[END_REF] Figure 2.4: Tire modeling process: from cross-section reconstruction to apply load on tire structure [START_REF] Wang | Simulation of tyre-pavement interaction for predicting contact stresses at static and various rolling conditions[END_REF] studied tire contact stresses under various tire inclinations by combining SAM and sensor measurements, significant shear stresses were observed on the pavement surface as a result of tire turnings. Figure 2.5 shows the tire modeling based on photogrammetry and simulation results using SAM. The simulation results above showed that tire contact stresses are influenced by multiple factors, including tire structure, inflation pressure, tire load, rolling states (free rolling, acceleration/braking, and cornering), rolling speed, friction, etc.

Compared with SAM simulations, FEM simulations have less computation efficiency, but much more flexibility in modeling complex composite tire and pavement structures, as well as assigning complex material behaviors, and are shown to be the most widely used and versatile method in tire-pavement contact modeling [START_REF] Ey Manyo | Tire-pavement tractive rolling contact under turning conditions: towards pavement top-down cracking[END_REF]. However, in the most current FEM research, the pavement structure was assumed as rigid in the tire-pavement contact model, and the contact stresses on the tire were calculated to reflect tire load distribution on the pavement surface. Although this assumption could save computation time by avoiding massive contact detection between objects with different material properties, it may result in an inaccurate estimation of transmitted contact stresses on the pavement surface.

Research methods for asphalt mixtures 2.3.1 Experimental approaches

Experimental methods are commonly used to determine the macro material properties of asphalt mixtures. For pavement design, there are usually two main input parameters used to characterize the viscoelastic properties of an asphalt mixture: dynamic modulus and phase angle [START_REF] Li | Mechanistic-empirical pavement design guide (mepdg): a bird'seye view[END_REF][START_REF]Bituminous mixtures. test methods for hot mix asphalt. stiffness[END_REF].

These two parameters are also widely used in identifying asphalt mixture model effectiveness in numerical simulations [START_REF] Yu | A micromechanical based threedimensional dem approach to characterize the complex modulus of asphalt mixtures[END_REF][START_REF] Feng | Study of the internal mechanical response of an asphalt mixture by 3-d discrete element modeling[END_REF][START_REF] Quezada | Complex modulus modeling of asphalt concrete mixes using the non-smooth contact dynamics method[END_REF]. Dynamic modulus tests are conducted under haversine or sinusoidal loading conditions. It is then measured at different temperatures and frequencies the output parameters (stress or strain). Finally, the dynamic modulus and phase angle are calculated based on formulations involving the stress and strain and other test parameters. The testing process of a dynamic modulus test is illustrated in Figure 2.6.

Figure 2.6: Process and data collection of a dynamic modulus test in the laboratory [START_REF] Jia | Effects of bamboo fiber on the mechanical properties of asphalt mixtures[END_REF] Complex modulus (at any temperature) is defined as the ratio of sinusoidal stress amplitude to sinusoidal strain amplitude (at a given same time and frequency):

E * = σ(t) ϵ(t) = σ 0 sin(ωt) ϵ 0 sin(ωt -ϕ) = σ 0 ϵ 0 • e iϕ = |E * | • e iϕ (2.1)
Where,

• E * is the dynamic modulus;

• σ 0 is peak (maximum) stress;

• ϵ 0 is the peak (maximum) strain;

• ω = 2πf is the angular velocity, in which f is the loading frequency;

• ϕ is the phase angle that represents the lag time between stress and strain;

• t is the time;

• i is the imaginary unit.

The complex modulus can also be defined as (EN 12697:26 [START_REF]Bituminous mixtures. test methods for hot mix asphalt. stiffness[END_REF]):

E * = |E * | • (cosϕ + i • sinϕ) = E 1 + iE 2 (2.
2)

The real component E 1 represents the elastic behavior of the material while the imaginary component E 2 describes the viscous material behavior.

Dynamic modulus |E * | (the absolute value of the complex modulus) and the phase angle ϕ (phase lag between stress and strain waveforms) can be calculated as:

|E * | = (E 2 1 + E 2 2 ) (2.3) ϕ = arctan(E 2 /E 1 ) (2.4)
The two components can be expressed in general terms as follows:

E 1 = λ( F z cosϕ + µ 10 3 ω 2 ) (2.5) E 2 = λ( F z sinϕ) (2.6)
Where,

• λ is the form factor as a function of specimen size and shape;

• µ is the mass factor, a function of the mass of the specimen (M in grams) and the mass of the movable parts (m in grams), that influence the resultant force by their inertial effects;

• F is the applied force;

• z is the displacement.

Depending on the type of test and the shape of the specimens, λ and µ have different expressions. The dynamic modulus and phase angle provide critical information about the viscoelastic behavior of asphalt mixtures over a wide range of temperatures and loading frequencies.

These properties can be characterized in a variety of ways according to the European standards applicable to bituminous materials [START_REF]Bituminous mixtures. test methods for hot mix asphalt. stiffness[END_REF][START_REF] Partl | Advances in interlaboratory testing and evaluation of bituminous materials: state-of-the-art report of the RILEM technical committee 206-ATB[END_REF]. The tests include two-point bending (2PB) on trapezoidal specimens, two-point bending on prismatic specimens, three-point bending on prismatic specimens, four-point bending on prismatic specimens, and compression-tension tests on cylindrical specimens. Figure 2.6 shows the scheme of the 2PB testing configuration. 

Rehological models

Asphalt mixture is a temperature-and frequency-dependent material that has a classic visco-elastic nature [START_REF] Marateanu | Time-temperature dependency of asphalt binders-an improved model (with discussion)[END_REF][START_REF] Mangiafico | Linear viscoelastic properties and fatigue of bituminous mixtures produced with reclaimed asphalt pavement and corresponding binder blends[END_REF][START_REF] Lily D Poulikakos | Comparison of the two point bending and four point bending test methods for aged asphalt concrete field samples[END_REF][START_REF] Liu | Accelerated discrete-element modeling of asphalt-based materials with the frequency-temperature superposition principle[END_REF]. Rheological models composed of various combinations of springs and dashpots can be used to describe materials that exhibit viscoelastic behavior. During recent decades, various rheological models have been used in order to describe the mechanical behavior of asphalt mixtures.

Maxwell and Kelvin-Voigt are two-parameter models that include a combination of springs and dashpots arranged in series and in parallel, respectively. Both models, however, are not adequate to describe well simultaneously the creep and relaxation behavior of asphalt mixtures. To address this, additional models were developed by combining the Maxwell and Kelvin models and increasing the number of elements in order to better simulate behaviors that were not considered in earlier models.

In this respect, improved models such as Generalized Maxwell, Generalized Kelvin-Voigt, Burgers, Huet-Sayegh, etc, were introduced in asphalt mixture modeling. The generalized model is composed of a number of different Maxwell and Kelvin elements connected in series [START_REF] Giunta | One-dimensional viscoelastoplastic constitutive model for asphalt concrete[END_REF][START_REF] Wu | Constitutive relationship of asphalt mixture for finite element method[END_REF]. The Generalized Maxwell model comprises of a number spring and dashpot elements in series, while these elements are in parallel for the Generalized Kelvin model. Additionally, the Prony series can be used to represent both models [START_REF] Richard | Modeling of asphalt concrete[END_REF].

The generalized models can correctly simulate the behavior of asphalt mixes including creep compliance and relaxation modulus [START_REF] Robert L Lytton | Development and validation of performance prediction models and specifications for asphalt binders and paving mixes[END_REF][START_REF] Xu | Modelling linear viscoelastic properties of asphalt concrete by the huet-sayegh model[END_REF]. But it also requires a lot of rheological elements lacking clear physical meanings, which leads to difficulties in parameter identification. If only one Maxwell and Kelvin element is assigned in the generalized model, the Burgers model is obtained [START_REF] Aflaki | Implementing viscoelastic rheological methods to evaluate low temperature performance of modified asphalt binders[END_REF][START_REF] Lian-Sheng | Research on predicting the rutting of asphalt pavement based on a simplified burgers creep model[END_REF]. Burgers model can describe viscoelastic behavior reasonably well within a considerably limited frequency range [START_REF] Roger N Nilsson | Influence of different rheological models on predicted pavement responses in flexible pavements[END_REF]. For the Huet-Sayegh model, it is composed of two parallel branches, where one consists of two parabolic dashpots and a spring of infinite stiffness in series and the other one consists of a single spring of small rigidity [START_REF] Xu | Modelling linear viscoelastic properties of asphalt concrete by the huet-sayegh model[END_REF][START_REF] Adriaan | The huet-sayegh model: A simple and excellent rheological model for master curves of asphaltic mixes[END_REF]. This model is able to accurately describe the viscoelastic behavior of asphalt mixes over a wide range of temperatures and frequencies. However, it fails in describing the curve in the Black space at high temperature and low frequency [START_REF] Mangiafico | Linear viscoelastic properties and fatigue of bituminous mixtures produced with reclaimed asphalt pavement and corresponding binder blends[END_REF] and in capturing the residual strain [START_REF] Adriaan | The huet-sayegh model: A simple and excellent rheological model for master curves of asphaltic mixes[END_REF]. The correction of the Huet-Sayegh model has been integrated into the 2S2P1D (2 Springs, 2 Parabolic elements, 1 Dashpot) model [START_REF] Olard | General "2s2p1d" model and relation between the linear viscoelastic behaviours of bituminous binders and mixes[END_REF], this model can fit well the dynamic properties of asphalt materials. However, the fractional derivatives in this model are difficult to implement in a numerical simulation. Table 2.3.2 gives a summary of common analytical models used in characterizing viscoelastic material behaviors.

It is therefore desirable to develop a rheological model that is easy to implement in numerical simulations and that can characterize asphalt mixture behavior under dynamic loads for a wide range of frequencies and temperatures. Recently, VENoL (NOnLinear ViscoElastic) model [START_REF] Coulon | Modeling of t/c complex stiffness modulus test and non-linearity of asphalt concrete mixes[END_REF][START_REF] Coulon | Analytical modelling of complex stiffness modulus tests in direct tension-compression on asphalt concrete and nonlinearity effect due to strain amplitude[END_REF] was developed to characterize the asphalt mixture behaviors. It is made up of two elements connected in parallel: a stiffness component related to the strain and a viscosity component related to the strain rate. This method incorporates the Time-Temperature Superposition Principle and the Time-Amplitude Semi-Superposition Principle to consider temperature and strain amplitude changes. Besides, based on a similar Kelvin-Voigt structure, the VENoL model can be easily implemented as a material law in numerical simulations. It is proven that this model is effective in reproducing instantaneous complex modulus tests for different strain amplitudes, as well as predicting the evolution of thixotropy during fatigue tests [START_REF] Coulon | Analytical modelling of thixotropy contribution during t/c fatigue tests of asphalt concrete with the venol model[END_REF].

Finite element modeling of asphalt mixtures

Despite the fact that laboratory tests are able to determine the macro-scale properties of asphalt mixtures, these tests do not offer much insight into their micro-mechanical behaviors. During the last decades, Finite Element Method (FEM) has been widely used in a wide range of simulations to describe the overall behavior of asphalt mixtures based on continuum mechanics theory [START_REF] Lu | Numerical approach of visco-elastoplastic analysis for asphalt mixtures[END_REF][START_REF] Andrew C Collop | Development and finite element implementation of stress-dependent elastoviscoplastic constitutive model with damage for asphalt[END_REF][START_REF] Masad | Development of an elastoviscoplastic microstructural-based continuum model to predict permanent deformation in hot mix asphalt[END_REF][START_REF] Ameri | Cracked asphalt pavement under traffic loading-a 3d finite element analysis[END_REF][START_REF] Bai | Viscoelastic modelling of an asphalt pavement based on actual tire-pavement contact pressure[END_REF][START_REF] Fedele | The prediction of road cracks through acoustic signature: Extended finite element modeling and experiments[END_REF][START_REF] He | Finite element simulation of self-heated pavement under different mechanical and thermal loading conditions[END_REF][START_REF] Li | Finite element modeling and parametric analysis of viscoelastic and nonlinear pavement responses under dynamic fwd loading[END_REF]. The FEM is the dominant discretization technique in continuum mechanics. A basic physical interpretation of the FEM is the subdivision of the physical model into simple geometric components called finite elements. Each element responds in terms of a finite number of degrees of freedom, representing a set of nodal points and the value of set functions. As a result, the physical model response is approximated by that of the model derived by connecting or assembling all the elements.

To capture the heterogeneity and micro-structure of an asphalt mixture, Table 2.1: Viscoelatic models for asphalt materials FEM models were used to build an asphalt mixture with aggregates generated randomly by computer-aided algorithm [START_REF] Yin | Three-dimensional heterogeneous fracture simulation of asphalt mixture under uniaxial tension with cohesive crack model[END_REF][START_REF] Chen | Virtual testing of asphalt mixture with two-dimensional and three-dimensional random aggregate structures[END_REF] or reconstructed by X-ray computed tomography (CT) [START_REF] Jin | 3-d virtual design and microstructural modeling of asphalt mixture based on a digital aggregate library[END_REF][START_REF] Liu | Modelling and evaluation of aggregate morphology on asphalt compression behavior[END_REF]. Using a FEM model with reconstructed aggregates, it was demonstrated that the angularity and irregular shape of coarse aggregates can be addressed in asphalt mixtures. Figure 2.9 shows reconstructed samples with different angularities.

However, these models are based on continuum mechanics theory, which still has difficulties in modeling contact status changes between various asphalt components as they come in and out of contact as well as sliding between different particles when in contact.

Discrete element modeling of asphalt mixture

In contrast to FEM, Discrete Elements Method (DEM) considers the sample as an assembly of discrete bodies, rather than continuous media. The purpose of this technique is to solve discontinuous media problems by analyzing the Figure 2.9: The cross-section of the models containing aggregates with different angularities [START_REF] Liu | Modelling and evaluation of aggregate morphology on asphalt compression behavior[END_REF] contacts between discrete elements. Contact is deduced from its constitutive relation, and a consistent physical and mechanical model of that contact can be formulated. A simulation is then carried out based on Newton's second law of motion to simulate the movement including the translation and rotation of discontinuous and discrete elements.

In practice, there are two families of DEM:

The first one is referred to as the smooth and explicit method, assimilating grain interpenetration to possible deformation at the contact, which is derived from the pioneering work of Cundall [START_REF] Peter | A computer model for simulating progressive, largescale movement in blocky rock system[END_REF], which could be also considered a modification of the genuine Molecular Dynamics method [START_REF] Cambou | Micromechanics of granular materials[END_REF]. In this method, contact laws are handled explicitly by using regularization techniques. Due to explicit time integrators, small time steps are mandatory, and it may be challenging to choose parameters accordingly. Particularly, damping is necessary to guarantee the stability of explicit schemes. The second one is called the nonsmooth and implicit method, based on Contact Dynamics (CD) method developed by Jean-Jacques Moreau [START_REF] Jean | Dynamics in the presence of unilateral contacts and dry friction: A numerical approach[END_REF], which takes into account shocks without grain interpenetration. The contact laws are thus non-differentiable and steep, and Non-Linear Gauss-Seidel algorithms (NLGS) are employed at each step to manage them implicitly. It is possible to use large time steps while guaranteeing numerical stability, but each step takes time to complete.

Asphalt mixtures are complex multi-phase systems composed of aggregate particles and asphalt mastic. Due to the heterogeneous structure of asphalt mixtures, the discrete element method (DEM) has been widely adopted in the last decades as a complementary alternative for classical mesh-based methods [START_REF] Yu | A micromechanical based threedimensional dem approach to characterize the complex modulus of asphalt mixtures[END_REF][START_REF] Cai | Discrete element visco-elastic modelling of a realistic graded asphalt mixture[END_REF][START_REF] Gong | Lab assessment and discrete element modeling of asphalt mixture during compaction with elongated and flat coarse aggregates[END_REF][START_REF] Habtamu | Micromechanical modeling of asphalt concrete uniaxial creep using the discrete element method[END_REF].

From a micro perspective, the DEM can explain the load transfer mechanism, damage situations, and failure processes of asphalt mixtures. At a macro scale, it is also capable of predicting rutting initiations, fatigue mechanisms, and fracture evolution for asphalt mixtures.

Two-Dimensional discrete element modeling

Discrete element modeling began with 2D models, which have the advantage of fast calculations for complex systems. Despite the fact that some relatively complex experiments do not always yield consistent simulation results, 2D models can still be useful tools for experiments to analyze the general trend without the need for accurate data.

A 2D discrete element model, developed in [START_REF] Liu | Viscoelastic model for discrete element simulation of asphalt mixtures[END_REF], is used to examine the viscoelastic properties of asphalt mixtures with the Burgers model in mind.

The dynamic modulus and phase angle of the asphalt mixtures were predicted through DEM simulations under sinusoidal loading, and the viscoelastic models were verified with experimental measurements. To understand the influence of the bond strength ratio and loading rate on the performance of the asphalt mixture, an indirect tensile test was performed using a 2D DEM method to simulate the tensile strength of the asphalt mixture [START_REF] Chang | Influences of mesoscopic parameters on crack resistance of asphalt mixture[END_REF]. Simulations of the splitting test were performed using the 2D DEM using aggregates with different properties and gradations [START_REF] Shan | Determination of parameters of the discrete element bond model for asphalt mixture based on splitting test[END_REF]. The effects of air voids on the fracture behavior of asphalt mixtures were investigated using 2D discrete element simulations [START_REF] Renteria | Fracture behavior analysis of semi-circular bending test[END_REF]. Using 2D simulations, the effect of horizontal aggregate distribution on splitting strength and maximum horizontal stress was also numerically assessed in [START_REF] Peng | Aggregate distribution influence on the indirect tensile test of asphalt mixtures using the discrete element method[END_REF]. These studies demonstrate that DEM simulations can provide more effective details than lab tests, such as changes in loading, displacements, and crack propagation during load testing. However, they also revealed limitations of 2D simulations, such as the lack of geometric information present in the model, which may lead to some misinterpretations.

Three-Dimensional discrete element modeling

Compared to 2D models, 3D models have more complex structures and interactions and are closer to reality than 2D ones from the perspective of morphology. Calculation time for 3D models is usually much longer than that for 2D models, and it depends on the number of elements in the simulation system.

Several studies have been conducted using 3D models to investigate the micromechanical behavior of asphalt mixtures, such as the use of a 3D DEM model to predict the dynamic modulus and phase angle of asphalt mixtures, in which the relative errors between laboratory and simulation results are within an acceptable range [START_REF] Feng | Study of the internal mechanical response of an asphalt mixture by 3-d discrete element modeling[END_REF][START_REF] You | Three-dimensional discrete element simulation of asphalt concrete subjected to haversine loading: An application of the frequency-temperature superposition technique[END_REF]. It is also of note that another 3D DEM model was developed to simulate the creep test of the asphalt mixture in order to determine the stiffness and the response to the creep condition [START_REF] You | Three-dimensional microstructural-based discrete element viscoelastic modeling of creep compliance tests for asphalt mixtures[END_REF].

Some extended simulations were also conducted to analyze the effects of element size on the mechanical behavior of the asphalt mixtures [START_REF] Liu | Three-dimensional discrete element modeling of asphalt concrete: Size effects of elements[END_REF]. Different from FEMs that constitutive material behaviors that are usually assigned to the whole model at a macro scale, DEMs simulate mechanical material behaviors by defining contact models between particles for a packed granular assembly.

To characterize aggregate and asphalt mastic properties at the contact scale, a micro-fabric discrete element modeling approach was early developed based on linear elastic contact models [START_REF] William | Discrete element modeling of asphalt concrete: microfabric approach[END_REF]. Afterward, viscoelastic contact models gradually became widely used by researchers to model asphalt mastic [START_REF] Liu | Viscoelastic model for discrete element simulation of asphalt mixtures[END_REF][START_REF] Ac Collop | On the use of discrete element modelling to simulate the viscoelastic deformation behaviour of an idealized asphalt mixture[END_REF][START_REF] Dondi | Modeling the dsr complex shear modulus of asphalt binder using 3d discrete element approach[END_REF], in order to evaluate the dynamic modulus [START_REF] You | Application of discrete element modeling techniques to predict the complex modulus of asphaltaggregate hollow cylinders subjected to internal pressure[END_REF][START_REF] You | Dynamic modulus simulation of the asphalt concrete using the x-ray computed tomography images[END_REF], creep [START_REF] Ma | Heterogeneity effect of mechanical property on creep behavior of asphalt mixture based on micromechanical modeling and virtual creep test[END_REF] and compaction behavior of asphalt mixtures [START_REF] Chen | Application of discrete element method to superpave gyratory compaction[END_REF][START_REF] Gong | Using discrete element models to track movement of coarse aggregates during compaction of asphalt mixture[END_REF].

Burgers model was widely used in DEM simulations of asphalt mixture in recent years and was demonstrated to be an effective way to characterize the viscoelastic behavior of asphalt mixtures [START_REF] Feng | Study of the internal mechanical response of an asphalt mixture by 3-d discrete element modeling[END_REF][START_REF] Quezada | Complex modulus modeling of asphalt concrete mixes using the non-smooth contact dynamics method[END_REF][START_REF] Liu | Accelerated discrete-element modeling of asphalt-based materials with the frequency-temperature superposition principle[END_REF][START_REF] Liu | Viscoelastic model for discrete element simulation of asphalt mixtures[END_REF][START_REF] Ac Collop | On the use of discrete element modelling to simulate the viscoelastic deformation behaviour of an idealized asphalt mixture[END_REF][START_REF] Ma | Heterogeneity effect of mechanical property on creep behavior of asphalt mixture based on micromechanical modeling and virtual creep test[END_REF][START_REF] Chen | Application of discrete element method to superpave gyratory compaction[END_REF][START_REF] Gong | Using discrete element models to track movement of coarse aggregates during compaction of asphalt mixture[END_REF]. By connecting the Kelvin-Voigt and Maxwell models in series, the Burgers model is able to consider the time-dependent properties of asphalt mixtures in a relatively simple and effective manner. Following is a hint as to how the Burgers model is correlated to the experimental dynamic modulus and phase angle from a macro perspective.

Total strain in the Burgers model can be written as:

ϵ = ϵ de + ϵ ie + ϵ cp (2.7)
Where, ϵ de , ϵ ie and ϵ cp are elastic strain, viscous strain, and delayed elastic strain, respectively.

Then, the stress-strain relationship can be written as:

σ = E 1 ϵ ie = η 1 ∂ ∂t ϵ cp = E 2 ϵ de + η 2 ∂ ∂t σ de (2.8)
By substituting Eq. 2.8 into Eq. 2.7:

ϵ = σ E 1 + σ dt + C 1 η 1 + e - E 2 
η 2 dt ( σ η 2 e - E 2 
η 2 dt dt + C 2 ) (2.9)
When asphalt mixtures subject to dynamic stress σ * = σ 0 e iωt , the resulting dynamic strain is described as ϵ = ϵ * e iωt .

The complex modulus is defined as the complex quantity:

σ * ϵ * = E * (iω) = ( σ 0 ϵ 0 )e iϕ = E 1 + iE 2 (2.10)
In which, σ 0 is the stress amplitude, ϵ 0 is the strain amplitude, and ω is the angular velocity, which is related to the frequency by ω = 2πf .

The ratio of the stress and strain amplitudes σ 0 /ϵ 0 defines the dynamic modulus |E * (ω)|, as shown in Eq. 2.11

|E * (ω)| = E 2 1 + E 2 2 = σ 0 ϵ 0 (2.11)
Consequently, complex compliance, which is the reciprocal of the dynamic modulus, can be expressed using the following equation:

D * (ω) = ϵ * σ 0 = 1 K m + 1 iωC m + 1 K m + iωC k (2.12)
where, σ and ϵ are the stress and strain at time equals zero, ω is the radial frequency, and t is the elapsed time. The complex compliance consists of a real portion and an imaginary portion, and is normally written as:

D * (ω) = D ′ (ω) + iD " (ω) (2.13) D ′ (ω) = 1 K m + K k K 2 k + ω 2 C 2 k (2.14) D ′ (ω) = 1 ωC m + K k K 2 k + ω 2 C 2 k (2.15)
The dynamic compliance is determined as

D * (ω) = (D ′ ) 2 + (D " ) 2
, and the dynamic modulus is the reciprocals of the complex compliance, that is:

|E * | = 1 |D * | = 1 (D ′ ) 2 + (D " ) 2 = 1 ( 1 Km + K k K 2 k +ω 2 C 2 k ) 2 + ( 1 ωCm + K k K 2 k +ω 2 C 2 k ) 2
(2.16)

The phase angle ϕ can be expressed as:

ϕ = tan -1 D " D ′ = tan -1 ( K m ωC m K 2 k + ω 2 C 2 k + ω 2 C k C m K 2 k + ω 2 C 2 k + K k K m ) (2.17)
Eqs. 2.7-2.17 describe the equations for determining the macro-scale parameters of asphalt mixtures. However, for the DEM simulations, the microscale parameters need to be determined further at the contact scale according to the macroscale parameters, and more details about the implementation of the Burgers model in the Contact Dynamics (CD) method will be given in the chapter 4.

Mesoscopic structure containing irregular particles

For simulating an asphalt mixture, it is required to generate the mesoscopic structure of the mixture. As the geometries of aggregate particles play an essential role in the mixture performance [START_REF] Moaveni | Use of advanced aggregate imaging systems to evaluate aggregate resistance to breakage, abrasion, and polishing[END_REF][START_REF] Bennert | Coarse aggregate angularity and its relationship to permanent deformation of gravel-aggregate hot-mix asphalt in New York State[END_REF][START_REF] Chen | Effect of coarse aggregate shape on engineering properties stone mastic asphalt applied to airport pavements[END_REF][START_REF] Souza | Experimental testing and finite-element modeling to evaluate the effects of aggregate angularity on bituminous mixture performance[END_REF][START_REF] Castillo | Influence of aggregate morphology on the mechanical performance of asphalt mixtures[END_REF], establishing a numerical model close to the real particle assembly is an issue that deserves much attention.

Image technique was widely adopted to characterize the internal structure of asphalt mixture for numerical simulation in the 2D [START_REF] Habtamu | Micromechanical modeling of asphalt concrete uniaxial creep using the discrete element method[END_REF][START_REF] You | Application of discrete element modeling techniques to predict the complex modulus of asphaltaggregate hollow cylinders subjected to internal pressure[END_REF][START_REF] You | Discrete element modeling to predict the modulus of asphalt concrete mixtures[END_REF][START_REF] Mohammad J Khattak | Imaged-based discrete element modeling of hot mix asphalt mixtures[END_REF] and 3D DEM models [START_REF] You | Three-dimensional discrete element models for asphalt mixtures[END_REF][START_REF] Fu | 3d clustering dem simulation and non-invasive experimental verification of shear localisation in irregular particle assemblies[END_REF][START_REF] Adhikari | Prediction of dynamic modulus of asphalt concrete using two-dimensional and three-dimensional discrete element modeling approach[END_REF]. However, image-based models are dependent on the prepared physical specimens; it is not capable of providing an absolute virtual environment for numerical simulations of asphalt mixtures. Sensitivity analysis of component properties such as aggregate morphology and spatial distribution based on this method is also limited due to the difficulty of controlling these factors precisely in the sample preparation.

Regarding the statistical assessment of the variation for mixture composition, the structure reconstruction based on image-based methods is limited [START_REF] Wimmer | Computational homogenisation from a 3d finite element model of asphalt concrete-linear elastic computations[END_REF].

Consequently, establishing a strategy to flexibly generate numerical samples resembling real asphalt specimens is suitable for creating a fully virtual environment and estimating systematically effective properties for asphalt mixtures.

Currently, some research was conducted on the mixture simulation composed of random particle shapes, based on computer-aided algorithms [START_REF] Liu | Visualization and simulation of asphalt concrete with randomly generated three-dimensional models[END_REF][START_REF] Zhang | Algorithms for generating three-dimensional aggregates and asphalt mixture samples by the discrete-element method[END_REF][START_REF] Ma | Simulation of wheel tracking test for asphalt mixture using discrete element modelling[END_REF][START_REF] Zhou | Induction heating-assisted compaction in Porous Asphalt Pavements: A computational study[END_REF][START_REF] Xue | Using random heterogeneous dem model to simulate the scb fracture behavior of asphalt concrete[END_REF] and laser scanning devices [START_REF] Zhou | Heavy impact compaction modeling and analysis on unbound paving mixtures[END_REF][START_REF] Liu | Discrete element modeling of realistic particle shapes in stone-based mixtures through matlab-based imaging process[END_REF].

The use of computer-aided algorithms allows the creation of large particleshape databases in a short amount of time without requiring the use of laser scanners or other complex imaging techniques, which shows superior flexibility and independence compared with other methods. However, as the generated particles are usually created randomly, a large difference between the actual particle shape and the generated particle shape usually occurs. Figure 2.14 shows the generation process of particle shapes using computeraided algorithms and the generated asphalt sample.

In most of these studies, after the particle geometry reconstruction, the particles were imported into numerical models and were modeled as simplified clumps composed of limited overlapping spheres or disks [START_REF] Das | Modeling three-dimensional shape of sand grains using discrete element method[END_REF], neglecting crucial particle features such as angularity, as illustrated in Figure 2.15. This simplification may affect granular fabric properties such as porosity, contact anisotropy, and force chains network [START_REF] Alonso-Marroquin | Calculation of the incremental stress-strain relation of a polygonal packing[END_REF][START_REF] Azéma | Quasistatic rheology, force transmission and fabric properties of a packing of irregular polyhedral particles[END_REF]. In addition, although high-resolution particle clumps can properly simulate real particles, the huge computation cost is not affordable yet.

On the other hand, particle shapes used in a numerical model are usually selected from limited templates or created randomly in the simulation. The particle morphology distribution in the real mixture assembly cannot be represented adequately in the numerical specimens due to the rich variability of actual particle shapes. Indeed, as mentioned in section 2.3.3, the X-ray CT technique could be used to obtain the mesostructure of the whole asphalt sample, so that both particle morphology and size distributions would be better considered [START_REF] You | Dynamic modulus simulation of the asphalt concrete using the x-ray computed tomography images[END_REF]. However, this method is physical specimen dependent, which can not provide a fully numerical environment for asphalt mixture modeling. Besides, the model accuracy is also highly dependent on the image processing technique, which is usually time-consuming. Moreover, the CT device is usually expensive and lacks flexible mobility.

Moreover, the preparation of numerical samples composed of polyhedral particles is an extraordinarily time-consuming process: complex algorithms are required in contact detection and repulsive force computation during the preparation stages, such as gravity deposition, compaction, and stabilization of numerical samples. 2.4 Asphalt mixture responses under tire loads

Accelerated pavement testing analysis

For the evaluation of pavement performance under in-service traffic and environmental conditions, accelerated pavement testing (APT) facilities are traditionally used [START_REF] Jones | Accelerated traffic load testing of seismic expansion joints for the new San Francisco-Oakland Bay Bridge[END_REF]. The design of these facilities is generally aimed at providing cost-effective solutions to improve pavement performance, as well as lowering life-cycle costs.

To test pavement response and performance under controlled, accelerated damage accumulation in a compressed time period, an APT involves applying a prototype wheel loading at or above the design load limit to an actual pavement structure.

It is possible to accelerate damage by performing repeated activities, altering loading conditions, imposing climatic conditions, and using various pavement structures or materials with reduced structural capacity.

There are two main types of APT systems: small-scale systems and full-scale systems.

For small-scale APT systems, a scaled-down version of the tire load is applied to the pavement system or test specimens. The model mobile load simulator (MMLS3) has been developed as an accelerated pavement testing device on a small scale, which is capable of characterizing asphalt mixture performance including material bearing capacity and fatigue behavior when rolling tires in a repetitive motion for a huge amount cycles in a short period [START_REF] Lin | Effect of fine aggregate angularity on skid-resistance of asphalt pavement using accelerated pavement testing[END_REF][START_REF] Lv | Development of fatigue damage model of asphalt mixtures based on small-scale accelerated pavement test[END_REF][START_REF] Zaumanis | Performance-based design of 100% recycled hot-mix asphalt and validation using traffic load simulator[END_REF]. Figure 2.16 shows a working scheme of MMLS3.

Figure 2.16: The MMLS3 applies repetitive loading through four wheels [START_REF] Zaumanis | Performance-based design of 100% recycled hot-mix asphalt and validation using traffic load simulator[END_REF] For accurate simulation of real-world conditions, full-scale test construction using conventional plants and processes is required [START_REF] John | Application of full-scale accelerated pavement testing[END_REF]. Full-scale APT systems employ truck tires or combinations of tires to apply loads on pavements [START_REF] Gonzalez | Full-scale experiment on foam bitumen pavements in an accelerated testing facility[END_REF][START_REF] Ml Nguyen | Development of a rational design procedure based on fatigue characterisation and environmental evaluations of asphalt pavement reinforced with glass fibre grid[END_REF][3][4][START_REF] Chapeleau | Use of distributed fiber optic sensors to detect damage in a pavement[END_REF]. Figure 2.17 shows some examples of different types of APT facilities used around the world.

Through APT facilities, an in-depth understanding of pavement performance, structure design, and construction process has been gained [START_REF] Worel | Guidance for the next generation accelerated pavement testing facilities[END_REF]. The APT also maintains a significant presence in the creation, design, rehabilitation, and innovation of pavement materials and designs.

In summary, despite the high cost of both financial and construction resources from conducting full-scale APT tests, the full-scale APT method is an effective approach for assessing macroscopic pavement performance under real tire loading. Nevertheless, it is still a struggle to get insight into the internal mechanisms of the mixture damage from a microscopic point of view by using APT.

Analytical modeling analysis

Due to the viscoelastic nature of asphalt mixtures, it is well known that the mechanical response of asphalt pavement under moving tires depends on time, loading rate, and the entire loading profile.

In early analytical models, limited by the computational capacity, it was often assumed that the tire load was a uniform static load, whereas the material constitutive relationship between each layer was assumed to be elastic in order to simplify the solution of the analytical model. Pavement analysis software packages, such as BISAR [START_REF] De | Computer program bisar, layered systems under normal and tangential surface loads[END_REF], KENLAYER [START_REF] Hsien | Pavement analysis and design[END_REF] [135], LEAF [START_REF] Gordon F Hayhoe | LEAF: A new layered elastic computational program for FAA pavement design and evaluation procedures[END_REF] and ALIZ É-LCPC [START_REF] Jean | Airfiels pavements characteristics design and evaluation: A rational design method for airfield pavements: the french alizé-airfield pavement software[END_REF][START_REF] Croteau | Performance-based asphalt mixture development process to optimize material durability and pavement design[END_REF], were developed using this simplified model. It is efficient to use a simplified mechanical model based on linear elastic layer analysis. Nevertheless, the model is not applicable to the practical situation, which could result in inaccurate results.

There is therefore a great need for effective analytical solutions for the analysis of viscoelastic asphalt mixtures under complex loads. Several researchers have studied viscoelastic solutions of asphalt pavement analytically based on circular loads and rectangular loads [START_REF] Kim | General viscoelastic solutions for multilayered systems subjected to static and moving loads[END_REF][START_REF] James W Maina | Linear elastic analysis of pavement structure under non-circular loading[END_REF][START_REF] Varma | Viscoelastic nonlinear multilayered model for asphalt pavements[END_REF]. However, these solutions focused on simplified loads which are not sufficient to describe complex loads.

Considering realistic non-uniform tire loads and the viscoelastic properties of asphalt mixtures in an analytical model still remains challenging.

Finite element modeling analysis

The use of FEM has been proven successful in performing viscoelastic analysis and integrating complex loads [START_REF] Imad | Full-depth pavement responses under various tire configurations: Accelerated pavement testing and finite element modeling[END_REF]. For examining asphalt mixture responses under non-uniform tire loads, there are several studies proposed by researchers. Wang et al. [START_REF] Wang | Impact quantification of wide-base tire loading on secondary road flexible pavements[END_REF] investigated the effects of tire types on pavement responses at the near-surface position and provided a reference for the truck tire optimization. After that, they further studied the near-surface cracking mechanism under critical loading conditions [START_REF] Wang | Analysis of near-surface cracking under critical loading conditions using uncracked and cracked pavement models[END_REF]. The results show that tire braking/acceleration and cornering induce high tangential contact stresses on the pavement surface, which could significantly accelerate the surface crack propagation. Wollny et al. [START_REF] Wollny | Numerical modelling of tyre-pavement interaction phenomena: coupled structural investigations[END_REF] proposed a strategy to simulate a rolling tire on the pavement surface based on FEM and indicated that tire rolling conditions have significant effects on macroscopic pavement performance. The relevant numerical model is shown in Figure 2.18. The effects of random non-uniform tire loads on asphalt pavement responses were examined using FEM simulations [START_REF] Ye | Effects of random non-uniform load on asphalt pavement dynamic response[END_REF]. Using a constant uniform load without accounting for the random and spatial characteristics, the results indicate that the surface layer is underestimated for damage. According to the analysis of the impact of non-uniform tire-pavement contact stresses on asphalt pavement responses, shear contact stress plays a significant role in controlling the evolution of rutting and longitudinal cracks [START_REF] Wang | Numerical simulation of mechanical response analysis of asphalt pavement under dynamic loads with non-uniform tire-pavement contact stresses[END_REF].

Current research has primarily focused on macro simulations of the tirepavement interaction, in which the asphalt pavement is usually assumed homogeneous due to the limitation of mesh-based methods in the continuum mechanics framework. For the calculation of tire contact stresses, in most of research works, the asphalt mixture is assumed as homogeneous.

This assumption is rational when we focus on the tire load distribution on the pavement surface as tire contact stresses can be realistically represented through the mesh-based methods in the continuum mechanics framework. Indeed, Wollny et al. [START_REF] Wollny | Coupling of microstructural and macrostructural computational approaches for asphalt pavements under rolling tire load[END_REF] proposed a consistent simulation chain based on FEM to examine the micro-structural asphalt model responses under realistic rolling tire loads. However, the simulation was conducted in the frame of FEM, which has limitations in describing contact status of individual particles. Moreover, when it comes to describing the internal asphalt mixture local responses, the homogenization assumption of asphalt mixture is insufficient as it cannot examine the mixture's mechanical performance from a microscopic level. Consequently, modeling a mixture structure while considering its different components and their respective properties explicitly is desired.

Discrete element modeling analysis

This dissertation aims to examine asphalt mixture responses under various tire rolling conditions at the particle level. As introduced before, DEM offers an alternative way to assess asphalt mixture behavior at the particle scale. Several DEM models were built in 2D to investigate the asphalt layer responses under tire loads, including surface wear [START_REF] Hancheng Dan | Discreteelement modeling of mean texture depth and wearing behavior of asphalt mixture[END_REF] and crack development [START_REF] Xie | Mechanical response analysis of transverse crack treatment of asphalt pavement based on dem[END_REF]. Figure 2.19 shows the 2D model for transverse crack analysis.

However, the tire loading conditions used in current studies are usually uniform and simplified, which cannot reflect real non-uniform tire loads. Further, predicting the performance of asphalt mixtures based on 2D models might be unreliable due to the fact that they lack a full description of the heterogeneous structure of the asphalt mixture. Due to the computational costs involved in simulating tire load effects on asphalt mixtures using DEM in 3D, some DEM models simulate wheel tracking tests (WTTs) [START_REF] Ma | Simulation of wheel tracking test for asphalt mixture using discrete element modelling[END_REF][START_REF] Xue | Investigation on the micromechanical response of asphalt mixture during permanent deformation based on 3d virtual wheel tracking test[END_REF][START_REF] Wang | Investigation of asphalt mixture permanent deformation based on threedimensional discrete element method[END_REF] Figure 2.19: Analysis model for transverse cracks under wheel load [START_REF] Xie | Mechanical response analysis of transverse crack treatment of asphalt pavement based on dem[END_REF] to indirectly examine asphalt mixture responses under tire loads, as shown in Figure 2.20.

Nevertheless, these simulations are compromised by size effects and simplified boundary conditions that come from WTTs, which inhibit accurate predictions of mixture responses.

Despite its promise in examining the mechanical properties of asphalt mixtures at the particle level, DEM is inadequate to accurately simulate deformable tire structures and capture realistic tire contact forces on pavement surfaces.

Consequently, a coupling simulation incorporating FEM and DEM appears necessary to investigate non-uniform tire loads on asphalt mixtures at the particle level. 

Multi-scale coupling simulation

A number of studies have demonstrated that multiscale modeling significantly improves the accuracy of structural prediction with a significant reduction in computation effort [START_REF] Fish | Multiscale analysis of composite materials and structures[END_REF][START_REF] Prasanna Raghavan | Revisiting the composite laminate problem with an adap-tive multi-level computational model[END_REF][START_REF] Flavio | Multiscale modeling of impact on heterogeneous viscoelastic solids containing evolving microcracks[END_REF]. As opposed to modeling the entire large scale, the multiscale model only considers properties of individual components of the mixture as well as microstructure characteristics at the smaller scale.

Multiscale approaches can be divided into two different types: for the first multiscale approach, a representative microscale sample of the heterogeneous material structure is used to represent the constitutive behavior of an infinitesimal point of material at the macroscale. The separation of scales is an important assumption of this multiscale approach [START_REF] Nemat-Nasser | Micromechanics: overall properties of heterogeneous materials[END_REF]. It is therefore necessary to define a representative volume element (RVE), which is statistically representative for the entire heterogeneous composite. Considering that the inclusions should represent the overall composite behavior effectively [START_REF] Il Al-Qadi | Pavement damage due to conventional and new generation of wide-base super single tires[END_REF], the RVE is therefore large compared to the characteristic dimensions of the microstructure (i.e., particle diameters), but relatively small in comparison to the entire macrostructure [START_REF] Im Gitman | Representative volume: Existence and size determination[END_REF].

The multiscale modeling method proposed by Yamashita et al. [START_REF] Yamashita | Hierarchical multiscale modeling of tiresoil interaction for off-road mobility simulation[END_REF] belongs to this first approach, as shown in Figure 2.21.

The RVE is used to simulate the soil status located at a Gauss point within a FEM element inside the road. Therefore, the dimensions of RVE are relatively very tiny compared to the tire contact area. As the soil materials are constituted of considerably fine grains (diameter < 0.002 mm), the RVE is valid for this kind of material.

Nevertheless, the RVE application to the asphalt pavement is not proper since the aggregate size (grain size up to 2̸ =3 cm) does not significantly differ from the macrostructural dimensions (asphalt layer thickness is usually between 4̸ =20 cm).

For the second type of multiscale approach, the assumption of scale separation is not required. This approach links the microscale to macroscale structures directly, A number of studies have been conducted to explore the interaction between unbound materials and tires using this approach [START_REF] Zhao | Application of the fem/dem and alternately moving road method to the simulation of tire-sand interactions[END_REF][START_REF] Michael | Dem-fem coupling simulations of the interactions between a tire tread and granular terrain[END_REF]. The hierarchical refinement in macroscale subdomains is generally performed Figure 2.21: Multiscale tire-soil interaction simulation based on RVE using moving soil patch approach [START_REF] Yamashita | Hierarchical multiscale modeling of tiresoil interaction for off-road mobility simulation[END_REF] locally for some specific parts of the macroscale model. Figure 2.22 shows the multi-scale modeling of tire-soil interaction through using this approach.

However, the current research mainly focuses on the simulation of unbound materials such as sands, soils, and gravels. The contact laws used are mainly frictional and the particle shape is usually limited to spheres because of computation costs. Moreover, the road surface made with unbound materials is relatively soft compared to the asphalt pavement surface, which leads to different tire contact stress distributions on these two kinds of road surfaces.

Computation cost in the DEM simulation of asphalt mixtures considering both the visco-elastic contact model and irregular particle shapes is already huge. The massive contact detection between the FEM tire elements and DEM asphalt mixture particles, as well as the internal calculation of the FEM elements make a calculation based on a deformable FEM tire object in a DEM simulation at the same time is not affordable yet. Considering the viscoelastic nature and irregular particle shapes in an asphalt mixture, the current coupling simulation methods are inadequate for simulating asphalt pavement and tire interaction. Consequently, a new coupling framework dedicated to the interaction system between the tire and the asphalt pavement surface is required.

Conclusions of the chapter

In this chapter, we reviewed the literature for investigating the tire-pavement interaction system. The importance of using realistic tire loads in the pavement design was first emphasized, then the components of the tire-pavement interaction system including research on tire load determination, asphalt mixture models, and asphalt mixture responses under tire loads were extensively introduced and both experimentally and numerically discussed.

Currently, experimental measurements and numerical tire models are used to estimate tire-pavement contact stress, in which numerical methods have more flexibility than traditional experimental tests in describing various tire loading conditions. Numerical tire models vary in complexity according to their features and purpose. To predict precise tire-pavement contact stresses, deformable tire and pavement structures, as well as contact formulations between the rolling tire and the pavement surface, must be incorporated into the model.

For macro simulations of asphalt mixture responses, FEM analysis has been widely used because of its computation efficiency and high flexibility in describing complex loads and material behaviors. However, the asphalt pavement is usually assumed homogeneous in macro FEM simulations due to the limitation of mesh-based methods in the continuum mechanics framework. Asphalt mixtures are actually complex multi-phase systems composed of aggregate particles and asphalt mastic. Mesh-based methods can simulate tire contact stresses precisely on the pavement surface, but it is still a struggle to quantify internal mixture responses at the particle scale.

Even though DEM offers a promising way to examine asphalt mixture responses at the particle level, it is inadequate to represent deformable tire structures and capture realistic tire contact forces on pavement surfaces. Besides, DEM is typically only used for small-scale simulations as limited by its high computation costs. Furthermore, in most studies that generate mesoscopic asphalt mixture structures using DEM, particle shapes are selected randomly or derived from limited templates. Due to the rich variability of actual particle shapes, the distribution of particle morphology in the real mixture assembly was not reproduced adequately in numerical specimens.

Although the aforementioned studies from the literature review enrich our understanding of tire-pavement interaction mechanisms, it is still challenging to integrate realistic rolling tire loading conditions into a numerical model that can evaluate asphalt mixture responses quantitatively from a microscopic scale, consistently, the particle scale. Consequently, using a coupling simulation incorporating FEM and DEM is imperative to investigate tirepavement interaction from a macroscale to a microscale. For asphalt pavement and tire interaction simulation, the current coupling methods are not suitable due to the visco-elastic nature and complex mesoscopic structure of asphalt mixtures. Therefore, a coupling framework dedicated to the interaction between the tire and asphalt pavement surface is timely desired.

In the following chapters, the dedicated multi-scale coupling simulations implementing FEM and DEM will be presented to examine internal asphalt mixture responses both macroscopically and microscopically under realistic non-uniform tire loads and rolling conditions. 

Introduction

As discussed in Chapter 2, linear elastic layer theory and uniform tire load assumption are widely used in conventional pavement design for calculating critical pavement responses. However, asphalt pavement surface damage occurred with interaction with vehicle tires is becoming hardly predictable by using traditional simplified design methods due to the development of traffic technology and the increasing traffic loads.

It has been demonstrated in a lot of research that actual tire loads induce quite different pavement responses compared with uniform loads [START_REF] Park | Evaluation of predicted pavement response with measured tire contact stresses[END_REF][START_REF] Raj V Siddharthan | Investigation of tire contact stress distributions on pavement response[END_REF][START_REF] Jiang | 3d fem analysis of flexible base asphalt pavement structure under nonuniform tyre contact pressure[END_REF], especially in investigating pavement surface deterioration [START_REF] Imad | Dynamic analysis and in situ validation of perpetual pavement response to vehicular loading[END_REF][START_REF] Wang | Analysis of near-surface cracking under critical loading conditions using uncracked and cracked pavement models[END_REF]. It is therefore imperative to implement actual complex loads in numerical simulations to understand in-depth pavement responses under realistic tire loading conditions.

The use of finite element modeling (FEM) to investigate pavement performance at a macroscopic scale under various boundary conditions has been widely used for decades, especially for examining macroscopic asphalt pavement behavior.

Tekscan sensor measuring system has been proven to be an efficient way to measure tire-pavement contact stresses at varying tire loads, as discussed previously [START_REF] Edem | Towards fast modelling of the tire-pavement contact[END_REF][START_REF] Oubahdou | Effect of the tire-pavement contact at the surface layer when the tire is tilted in bend[END_REF].

In the present chapter, we used the Tekscan system to capture realistic tire contact stress distributions on the asphalt pavement surface. Further, the asphalt mixture property was characterized using the so-called NOnLinear ViscoElastic (VENoL) model and the model reliability was validated by conducting the complex modulus test both experimentally and numerically based on the two-point bending configuration. As static loading is inadequate to examine asphalt mixture responses under rolling tire loads, a new tiresensor-pavement coupling chain was developed for integrating actual rolling tire loads in asphalt layer modeling. Finally, the dynamic response of the asphalt layer under rolling tire loads is analyzed and discussed.

Laboratory tests

3.2.1 Tire contact stress distributions on the pavement surface

Experimental set-up

For measuring tire contact stresses on pavement surfaces, a pressure sensor measuring system named Tekscan (https://www.tekscan.com/) was used. This system is in the form of a thin film with dimensions of length × width × thickness = 704.1 mm × 625.9 mm × 0.102 mm, on which square elementary sensors of 7.112 mm side are distributed. Creating the sensor requires the use of two polyester sheets. The first sheet was composed of evenly separated piezoresistive materials (sensors). Similarly, the same sensors were placed on the second sheet, but perpendicular to the first sheet. Tekscan sensors operate according to the principle that their resistance varies depending on the applied stress. The electronic sheet is incompressible and operates between -40 • C and 60 • C, with a moisture percentage ranging between 5 % to 90 %. Figure 3.1 shows the sensor measuring system and experimental test process.

It should be noted that the pressure sensor device was calibrated with a load of 45 kN under a press system prior to carrying out the measurements. During sensor calibration, the software calculates an average applied pressure based on the area of the loaded sensor and the force applied until achieving acceptable convergence.

Measuring results

In the present study, a truck tire (315/80 R 22.5) was chosen, and measuring tests were conducted under different tire loading conditions including two inflation pressures (6.0 bar and 8.0 bar) and three loads (10 kN, 15 kN, and 20 kN). Figure 3.2 shows the tire pressure measuring results for these loading conditions. As shown in the figure, tire contact stress distributions under all tire loading conditions are nonuniform across the whole contact area. as expected, the peak values of tire contact stress concentrate on the center area of the tire footprint and they are much bigger than the tested tire inflation pressure. Besides, with the increment of tire loads, the contact area increases obviously from center-concentrated to side-flatted while the peak value of tire contact stress increases slightly for both tire inflation pressures. Additionally, the tire contact stresses significantly increase with increasing tire inflation pressures for all three tire loads. It seems that the tire contact stress distribution is more sensitive to tire inflation pressures compared with tire loads.

Asphalt mixture complex modulus test 3.2.2.1 Two point bending test configuration

The experimental campaign was conducted on trapezoidal samples, using a two-point bending (2PB) configuration according to the EN 12697-26:2012 specification [START_REF]Bituminous mixtures. test methods for hot mix asphalt. stiffness[END_REF]. Three trapezoidal samples were prepared with a French asphalt concrete type (BBMA 0/10), and the bitumen is 35/50 grade. The density of each trapezoidal sample is on average 2.371 g/cm 3 , and the air void is on average 1.57 %. Table 1 displays the particle size distribution (PSD) of the employed asphalt mixture. To identify the viscoelastic properties of the asphalt mixture, the real part E 1 and the imaginary part E 2 of the complex modulus E * can be calculated by Equations (Eqs) 3.1 and 3.2:

E 1 = γ( F 0 z 0 cos(ϕ) + 10 -6 µω 2 ) (3.1) E 2 = γ F 0 z 0 sin(ϕ) (3.2)
where ω is the angular frequency, γ (mm -1 ) is a shape factor depending on the dimensions of the specimen: B = 56 mm, b = 25 mm, e =25 mm and h = 250 mm, and u is the mass factor, both described by:

γ = 12h 3 e(B -b) 3 [(2 - b 2B ) b B - 3 2 -ln b B ] (3.3) u = 0.135M + m (3.4)
where, the average total sample mass M is 0.6 kg, the mass of the mobile equipment overhead m is 0.235 kg.

Finally, the dynamic properties can be determined as:

|E * | = E 2 1 + E 2 2 (3.5) ϕ = arctan(E 2 /E 1 ) (3.6) 

Laboratory test results

For Asphalt mixture is a complex composite exhibiting viscoelastic behavior.

The VENoL (NOnLinear ViscoElastic) model [START_REF] Coulon | Analytical modelling of complex stiffness modulus tests in direct tension-compression on asphalt concrete and nonlinearity effect due to strain amplitude[END_REF] was adopted in this study to characterize the asphalt mixture behaviors. This model can represent the viscoelastic behaviour by calculating the instantaneous complex stiffness modulus according to the temperature T of the environment, the pulsation (or angular frequency) ω and the strain amplitude ε 0 of the imposed signal. Schematically, the VENoL model can therefore be represented with two elements ℜ E and ℑ η mounted in parallel (Figure 3.5). By composing the Time-Temperature Superposition Principle (TTSP) [START_REF] Sias | Mechanistic and volumetric properties of asphalt mixtures with recycled asphalt pavement[END_REF][START_REF] Kim | A mechanistic approach to determine price reduction factors for densitydeficient asphalt pavements[END_REF] with the Carreau-Yasuda (CY) model [START_REF] Bird | A nonlinear viscoelastic model for polymer solutions and melts-i[END_REF][START_REF] Yasuda | Investigation of the analogies between viscometric and linear viscoelastic properties of polystyrene fluids[END_REF], the illustration of VENoL model parameters and equations is given in Figure 3.6. 

Validation of the VENoL model

As shown in Figure 3.7, we built a 2PB test sample according to the experimental sample dimensions. Then, the open-source software gmsh (https://gmsh.info/) was used to mesh the numerical sample. The hexahedral mesh was used in the meshing process to obtain a good numerical convergence. Finally, the open-source software LMGC90 (https://git-xen. lmgc.univ-montp2.fr/lmgc90/lmgc90_user/-/wikis/home) was adopted to conduct the numerical simulations, in which the VENoL model is built-in.

The material parameters were assigned to the non-linear model according to the experimental results, as detailed in Table 3.2. During the simulation, the bottom boundary was fixed and a sinusoidal displacement z = z 0 sin(ωt) was imposed on the top surface of the sample according to the test conditions. Considering the glass transition temperature of bitumen (T g = -18 • C), an equation similar to the Williams-Landel-Ferry (WLF) approach [START_REF] Malcolm L Williams | The temperature dependence of relaxation mechanisms in amorphous polymers and other glass-forming liquids[END_REF] was used to reconstruct the corresponding master curve for dynamic modulus and phase angle values of the asphalt mixture. A reference temperature T ref was firstly chosen, then the translation of all isotherm values was performed by calculating the reduced frequency as f r = a T × f , where f corresponds to each frequency value in each curve and a T is the corresponding shift factor that could be fitted using the following WLF-like empirical equation.

log a T = -C 1 (T -T ref ) C 2 + (T -T ref ) (3.7) 
Where:

• C 1 and C 2 are two constants, and T is the test temperature.

According to the experimental results for dynamic modulus and phase angle, Table 3.2 gives VENoL parameters for the asphalt mixture. 

ω R-T,tr = 0 ℜ E (ω R-T ) ℑ η,R-T (ω R-T ) ω R-T ⩽ ω R-T,tr ω R-T ⩾ ω R-T,tr ω R-T ⩽ ω R-T,tr ω R-T ⩾ ω R-T,tr ℜ E,low,1 ℜ E,up,2 =3.35 × 10 4 ℑ η,R-T,low,1 ℑ η,R-T,up,2 =1.1 × 10 6 λ E,R-T,1 λ E,R-T,2 =2.2 × 10 4 λ η,R-T,1 λ η,R-T,2 =8.3 × 10 1 k E,1 k E,2 =-0.163 k η,1 k η,2 =0.25 n E,1 n E,2 =2.96 n η,1 n η,2 =-0.12
Herein, ω R-T,tr was set to 0.0 rad/s, only the parameters corresponding to ω R-T ⩾ ω R-T,tr were considered. At first, we built an asphalt layer with dimensions along the x, y, and z-axis of 1 m, 1 m, and 0.2 m respectively (Figure 3.9). The hexahedral meshing process was carried out using the gmsh software. For the loading area in the center, we used a fine mesh whose size corresponds to the sensor dimensions, while for other parts, we used a coarse mesh to reduce the computation cost.

Herein, for the loading area, the mesh element dimensions are 7.112 mm, 7.112 mm, and 10 mm in the x, y, and z directions respectively. For the entire simulation, for the sake of simplicity, only the asphalt layer bottom was fixed as a boundary condition. To study the asphalt layer responses under real tire loads, we proposed a novel tire-sensor-pavement coupling chain that consists in applying the stress field obtained from the sensor measurement results to the pavement layer surface. The coupling chain is shown in Figure 3.10. In step 1, we conducted the experimental test of tire contact stress measurement by using the sensor measuring system. Then, the stress information was obtained and visualized in MATLAB. In step 2, the stress information from the previous step was transferred to nodal forces of the sensor matrix. In step 3, the asphalt layer was reconstructed in FEM and the load area was refined according to the sensor dimensions. In step 4, the nodal forces were applied to the pavement surface at the corresponding nodes. In this step, a dynamic detection algorithm was used to determine the nodal force position on the FEM model.

The general frame for this detection algorithm is listed in Algorithm 1. Prior to simulating tire rolling on an asphalt layer surface, asphalt mixture properties must be identified under various tire loading conditions. As previously discussed, asphalt mixtures are viscoelastic materials sensitive to temperature and load frequency. This study investigated asphalt layer response under 15 °C which is the reference value used in the French pavement design method. However, the corresponding loading frequency for the complex modulus test must still be determined from the tire loading conditions. Accordingly, we used an equation proposed by Cheng et al. [START_REF] Cheng | Comparative analysis of strain-pulse-based loading frequencies for three types of asphalt pavements via field tests with moving truck axle loading[END_REF] to transfer vehicular loading velocity to the loading frequency during the complex 

i in range [1, N um] do ▷ N um is the length of [ID] if N S coory [i] -Ed y /2 =< T coory [i] + v * t <= N S coory [i] + Ed y /2 then if N S coorx [i] -Ed x /2 =< T coorx [i] <= N S coorx [i] + Ed x /2 then
Apply the nodal force F no [i] to this node with id of i end if end if ▷ v is the tire rolling velocity along the y direction end while end for 

f = 0.127V (3.8)
Where, f [Hz] is the frequency used in the complex modulus test and V [km/h] is the tire rolling velocity on the pavement surface.

Through validation of the full-scale accelerated pavement tests, the equation established in the original paper provides a good description of the frequency of test loading (f) and tire motion speed (V) for pavement temperatures not exceeding 31 °C. By using the equation above and the VENoL model built in the numerical simulation, we can easily identify the mixture properties of the asphalt layer model.

Dynamic simulation of asphalt layer responses under rolling tire loads

In steady-state tire rolling (angular and translational velocities are constant), tire loads are independent of time [START_REF] Wollny | Numerical modelling of tyre-pavement interaction phenomena: coupled structural investigations[END_REF]. Previous studies have indicated that the influence of the velocity is relatively small on the tire tread deformation compared with the effects of the vertical force [START_REF] Xiong | In-plane Tire Deformation Measurement Using a Multi-Laser Sensor System[END_REF][START_REF] Ijm Besselink | An improved magic formula/swift tyre model that can handle inflation pressure changes[END_REF], and tire rolling speeds have minor effects on tire contact stresses [START_REF] Guo | Analysis of contact stresses and rolling resistance of truck-bus tyres under different working conditions[END_REF]. Herein, we assume that the tire rolling speed does not affect the tire loading state during the tire rolling.

Figure 3.12 shows both the external force field and the displacement distribution field during the tire rolling process on the asphalt layer in 3D rendering, in which the tire inflation pressure was 8 bar and the tire load was 20 kN.

As can be seen from the figure, the external tire load derived from the sensor measurements is non-uniform on the asphalt layer surface and advances along the y-direction, the whole moving process is consistent with Figure 3.11, which proves the reliability of the proposed tire-sensor-pavement coupling chain. Furthermore, we observed that there was a lag between the external force field and the displacement field throughout the whole tire rolling process, which originates from the viscoelastic nature of the asphalt mixture. As a result of the tire loading pass, a residual displacement field appears on the asphalt layer surface, which indicates a process of viscous material flow inside the asphalt mixture. The dynamic responses for the center element of the asphalt layer surface were further analyzed. Figure 3.16 gives the result of the force and displacement signals of the center elements. Figure 3.16a illustrates that the vertical force is dominant during the whole tire rolling process. Additionally, when the tire arrives at the corresponding cross-section, the element subjects the tire load; after a short period, the signal disappears as the tire load passes the cross-section. Figure 3.16b shows that the main displacement lies in the vertical direction, which is consistent with the dominant vertical force signal. The displacement increases with elapsed time and decreases after the peak value, and it approximates the Haversine curve, but the element displacement does not return to its original value (a residual displacement occurs) after the load pass because of the viscous material behavior.

Figure 3.17 gives further comparisons of the vertical force and displacement signals of the center element for different velocities. Figure 3.17a shows that the peak force value seems to not change due to the same load utilized. It appears that the force signal curve shape becomes stretched with decreasing tire rolling velocity as a slower tire rolling velocity results in a longer time-lapse. Figure 3.17b shows that the low tire rolling velocity induces the increment of both peak displacement and residual displacement. The reason comes from that the viscous flow of asphalt mixture accumulates over a long elapsed time during the rolling process at low tire velocity. The small contact area patch of the tire leads to a short rolling duration as well as high tire loads leading to large deformation. A low inflation pressure causes a large contact area between the tire and pavement, which leads to a long period of the tire rolling over the pavement and resulting in heavy deformation accumulation. Tire inflation pressure contributes to both tire loads and tire contact patch area. These two contributions are opposite, so both effects should be considered concurrently when evaluating the residual deformation of the asphalt layer.

Dynamic responses of asphalt layer under different tire loads

Dynamic responses of asphalt layer at different temperatures

Asphalt mixture properties are also dependent on the environmental temperature. Thanks to the VENoL model introduced before, we also conducted simulations for asphalt layer responses under rolling tire loads at different temperatures. The results above illustrate that the asphalt mixture responses are sensitive 

Conclusions of the chapter

The aim of this chapter is to examine macro asphalt pavement responses under realistic tire loading conditions at the most accurate level. From tire contact stress determination and asphalt mixture property characterization through dynamic simulation of asphalt layer responses under rolling tire loads, this chapter introduces a tire-sensor-pavement coupling chain to integrate measured tire contact stress into asphalt pavement models using FEM.

A sensor measuring system was used to capture tire contact stresses on the pavement surface. The test results show that the non-uniformity and values of tire contact stress, as well as the corresponding tire contact area on the pavement surface, are depending on the tire load and inflation pressures. Additionally, tire contact stress distribution appears to be more sensitive to tire inflation pressure than to tire load.

For characterizing the frequency-and temperature-dependent asphalt mixture properties, the NOnLinear ViscoElastic (VENoL) model was integrated into FEM simulations. Based on 2PB complex modulus test measurements, the numerical simulation results fit well with experimental results and analytical calculations in describing the viscoelastic properties of the asphalt mixture under various temperatures and frequencies during the complex modulus tests, which proves the effectiveness of VENoL model implementation in FEM.

The general frame of the tire-sensor-pavement coupling chain was proposed to investigate asphalt layer responses under rolling tire loads. In the tire rolling process, a lag between the external force field and the displacement field occurs due to the viscoelastic nature of the asphalt mixture. After the tire rolling, a non-smooth residual surface deflection on the asphalt layer is observed as a result of non-uniform tire loads.

Asphalt layer responses at different working conditions including tire rolling velocity, tire load, inflation pressure, and external environment temperature were investigated. The results show that the residual displacement of the asphalt layer surface increases with increasing tire loads and decreasing tire velocities respectively; for the effects of tire inflation pressure, both tire load and contact area should be evaluated simultaneously because of their two-side opposite contributions to the residual displacement. For the temperature effects on the asphalt layer responses, it shows that the influencing zone of the residual displacement distribution field increases as the temperature increases, especially at a high temperature (when the temperature exceeds 20 °C), a drastic increment in residual displacement is observed.

The following paper summarizes the main results of this chapter: 

Introduction

As we explored in the previous chapter, when using FEM to study asphalt mixture response under tire loads, the mixture is assumed to be homogeneous and the mixture behavior is usually characterized by complex constitutive material models.

Nevertheless, the mechanical behavior of asphalt mixture composed of aggregates, bitumen, and air depends highly on the properties of its components in interaction [START_REF] Martin H Sadd | Microstructural simulation of asphalt materials: Modeling and experimental studies[END_REF]. Considering the local responses of asphalt mixtures from a microscopic level, the homogenization assumption concerning the asphalt mixture is insufficient because it cannot examine asphalt mixture responses mechanically from a particle scale. Therefore, it is necessary to model an asphalt mixture structure while explicitly considering its different components and their properties.

Experiments are generally used to determine viscoelastic material properties from a macro scale. However, it is still a challenge to study the micromechanical behavior of the material through laboratory measurements. With the continuous advances in computation capacity, numerical methods are widely used for examining micro-mechanically material performances. The discrete element method (DEM) has been demonstrated to be an effective method to simulate granular systems including asphalt mixtures at the particle scale in recent years [START_REF] Yu | A micromechanical based threedimensional dem approach to characterize the complex modulus of asphalt mixtures[END_REF][START_REF] Cai | Discrete element visco-elastic modelling of a realistic graded asphalt mixture[END_REF][START_REF] Gong | Lab assessment and discrete element modeling of asphalt mixture during compaction with elongated and flat coarse aggregates[END_REF][START_REF] Habtamu | Micromechanical modeling of asphalt concrete uniaxial creep using the discrete element method[END_REF].

For a simulation of the asphalt mixture, it is required to generate the mesoscopic structure of the mix close to the real assembly. In this chapter, based on the acquisition of aggregate shapes through 3D laser scanning, the morphological characteristics for a large number of real particles were analyzed statistically by using image processing technology. The contact dynamics (CD) method was introduced to simulate irregular particles because of its suitability for polyhedron modeling. The numerical asphalt mixture specimens were generated by a tessellation method considering both the aggregate size distribution and morphology data. The numerical and experimental complex modulus tests were carried out with different temperatures and loading frequencies to confirm the model's reliability. Finally, the micro-mechanical analysis was conducted to investigate the contact force distribution between particles and lead to reveal the essence of mixture damage initiation at the particle scale.

Contact modeling theory

In computational contact mechanics, the contact problem is an extremely non-linear, non-smooth, and non-differential problem. A unilateral contact problem can be modeled using Signorini's condition and Coulomb's friction law (Figure 4.1). As seen here, the contact conditions are essentially infinite steep, which makes them non-differentiable.

For a classical solution to the contact problem, the reaction force (R) is defined as a function of the gap (g), where g represents the penetration of two contacting surfaces. The relation between g and R can instead be replaced with steep mapping graphs and thus be solved by non-linear differential equations. Replacing the infinite steep formulation with some smooth relations could be considered mathematically as a regularization or numerically as a penalty method. With this strategy, contact conditions are modeled as a sequence of steep laws using regularization techniques, and the nonlinear laws being thus handled by means of an explicit time integrator. It is adopted widely for solving contact problems in FEM [START_REF] Wriggers | Computational contact mechanics[END_REF] and explicit smooth DEM simulations pioneered by P. Cundall [START_REF] Peter | A computer model for simulating progressive, largescale movement in blocky rock system[END_REF][START_REF] Peter | A discrete numerical model for granular assemblies[END_REF] because of its simplicity and easy implementation in numerical algorithms.

There are, however, some weaknesses to this method from its principles: 1) The time step is mandatory small in order to ensure the calculation stability, especially when dealing with high contact stiffness; 2) Damping must be introduced, either through the contact laws or as a numerical trick, to ensure the stability of explicit schemes.

3) The equilibrium state is hard to achieve via an explicit method when considering the tangential friction force. 4) Penetration is inevitable. The constraint condition is satisfied precisely when the penalty parameter tends to infinity. However, the resulting equations could be ill-conditioned if the penalty parameter is too large and thus choosing the relevant parameters could be tricky; Differently, Jean-Jacques Moreau developed the Non-smooth Contact Dynamics method (NSCD), shortly Contact dynamics (CD) in 1984 for the implicit non-smooth interaction model [START_REF] Jean | Dynamics in the presence of unilateral contacts and dry friction: A numerical approach[END_REF] and this method has proved to be an effective tool for modeling a large number of contacting rigid or deformable bodies [START_REF] Jean | The non-smooth contact dynamics method[END_REF][START_REF] Jean | Unilateral contact and dry friction in finite freedom dynamics[END_REF][START_REF] Dubois | The contact dynamics method: A nonsmooth story[END_REF]. Unlike the method described above, the CD method uses non-differential steep laws to define the relationship between relative velocities U and impulses I. Signorini's condition and Coulomb's friction law are cited as the foundations of contact laws. Figure 4.1 compares the CD method and the classical penalty method for solving contact conditions. At the local frame, the contact management between two objects is based on the so-called candidate/antagonist approach (Figure 4.2). According to this approach, it is assumed that one is able to define for each point (C) of the candidate boundary its (unique) nearest point (A) on the antagonist boundary, a local reference frame (n, t, s) attached to the antagonist body is defined at the contact point A. For deformable objects, one has to consider contact elements composed of a node versus the discretized antagonist face boundaries. The contact laws are managed with an implicit integration scheme using a Non-Linear Gauss-Seidel algorithm (NLGS) at each time step. Kinematic constraints arising from contacts are calculated simultaneously by combining them with dynamics equations, in order to determine all the velocities and contact forces in the system. Furthermore, the regularized parameters such as damping are removed from the local contact frame. As a result, the implicit method can be used to find equilibrium states more accurately than explicit methods [START_REF] Radjai | Contact dynamics as a nonsmooth discrete element method[END_REF]. In comparison to explicit DEMs, the CD method allows using larger time steps since it determines the characteristic system time of particle dynamics.

As shown schematically in Figure 4.3, three main types of contact may occur between two polyhedral particles: point contact, line contact, and surface contact. The line (edge-face) contacts can be modeled by two points, while three points can model surface (face-face) contacts since they involve equal geometric unilateral constraints between the two faces. There are several steps involved in the determination of the contacts between two polyhedral particles. In the first step, we compute a list of neighboring pairs using a "bounding box" method. Then, an overlap calculation is done for each pair, using the "common plane" method. [START_REF] Peter | Formulation of a three-dimensional distinct element model-part i. a scheme to detect and represent contacts in a system composed of many polyhedral blocks[END_REF]. Contact planes are determined by their intersection in the case of an overlap. This detection method allows simulating large samples composed of polyhedral particles in a relatively short time [START_REF] Erfan G Nezami | A fast contact detection algorithm for 3-d discrete element method[END_REF][START_REF] Erfan | Shortest link method for contact detection in discrete element method[END_REF]. Finally, for each potential contact point, the local impulsion and velocity are calculated independently, and the resultant force is then assigned to the contact. Considering its advantages, we used the CD method to simulate the aggregate particles in asphalt mixtures and the later tire-pavement interaction simulations. The open-source software LMGC90 is adopted in which the CD method is built-in.

Morphology distribution of aggregate particles 4.3.1 Three-dimensional laser scanning of aggregate particles

In this study, aggregate particles with sieving sizes from 4 mm to 31.5 mm were randomly selected from the stockyard. A three-dimensional laser scanner (FARO Edge ScanArm HD) was used to obtain real geometrical data of the selected 500 aggregates. Surface point coordinates of particles were collected and transmitted to the computer during the scanning process. After the scanning and data acquisition of all specimens, the point cloud data obtained by the laser scanner were imported into MATLAB to further process individually, as Figure 4.4 shows. 

Statistical analysis for aggregate shape

The traditional method usually divides particle morphology into three scales: contour form, angularity, and surface texture [START_REF] Al-Rousan | Evaluation of image analysis techniques for quantifying aggregate shape characteristics[END_REF], among which contour form and angularity belong to the macroscopic and mesoscopic scale, respectively, while surface texture belongs to the microscopic scale. Shape characteristics of particles with different scales affect various aspects of the mixture performance [START_REF] Pan | Effect of coarse aggregate morphology on the resilient modulus of hot-mix asphalt[END_REF][START_REF] Tutumluer | Aggregate morphology affecting strength and permanent deformation behavior of unbound aggregate materials[END_REF][START_REF] Iuri S Bessa | Aggregate shape properties and their influence on the behavior of hot-mix asphalt[END_REF]. In the numerical particle-based simulation, the surface texture of particles can be indirectly implemented by setting a friction coefficient of mutual interaction. In the conventional simulation, the friction coefficient is usually set to a constant value [START_REF] Zhang | Algorithms for generating air-void structures of idealized asphalt mixture based on three-dimensional discrete-element method[END_REF][START_REF] Jia | Experimental and numerical investigations on the shear behaviour of recycled railway ballast[END_REF]. Accordingly, in this study, particle surface texture statistics have not been carried out.

The aggregate form is used to describe the dimension characteristics of a 4.3. Morphology distribution of aggregate particles particle, defined by the ratios of three linear dimensions: length (L), width (I), and thickness (S). Elongation ratio (LI=L/I) and Flatness ratio (IS=I/S) evaluate how a particle resembles a column or a plate [START_REF] Sun | Three-dimensional characterisation of particle size and shape for ballast[END_REF]. If the value of LI and IS is close to 1, the aggregate is not slender. Otherwise, the particle is elongated or flatted. The minimum bounding box algorithm [START_REF] Ge | Threedimensional characterization of morphology and abrasion decay laws for coarse aggregates[END_REF] was performed to calculate the minimum bounding box for a particle so that the dimension values of L, I, and S can be extracted. Schematic drawings of one aggregate in different bounding boxes are illustrated in Figure 4.5. 

Statistical analysis for aggregate angularity

Angularity belongs to mesoscopic shape characteristics. If particles show sharp edges, it will be more favorable to the mixture interlocking. If aggregates are rounded, the overall mixture strength will be significantly reduced, even with better gradation. The Sphericity value (Sp = 3 √ 36πV 2 /SA), where V and SA represent particle volume and surface area, respectively, witnesses the angularity of aggregate particles [START_REF] Liu | Modelling and evaluation of aggregate morphology on asphalt compression behavior[END_REF][START_REF] Wadell | Volume, shape, and roundness of quartz particles[END_REF]. The closer this value to 1, the more spherical a particle, and the lower the particle angularity. The statistics of Sp were analyzed using the same method as mentioned above, as Figure 4.7 reports. The results show that the Sp obeys quite well a normal distribution. Table 4.1 gives the statistical results of aggregate morphology. The average aspect ratio (L: I: S) for aggregates is about 1.815: 1.301: 1, the mean and standard deviation of the Sp are 0.8013 and 0.0428 respectively. 

Irregular polyhedral particles simulation

Asphalt mixtures are complex multi-phase systems composed of aggregates, bitumen and air, where aggregates occupy almost 95% of the mass in the mix. Consequently, asphalt mixture can be seen as a system of irregular particle tessellations from a geometrical point of view (Figure 4.9), and particles interact with each other through a viscoelastic mastic phase containing bitumen and air between them [START_REF] Liu | Modelling and evaluation of aggregate morphology on asphalt compression behavior[END_REF][START_REF] Wimmer | Computational homogenisation from a 3d finite element model of asphalt concrete-linear elastic computations[END_REF][START_REF] Gaillard | Resilient modulus prediction of rap using the contact dynamics method[END_REF]. Therefore, the open-source software NEPER (https://neper.info/) was adopted to generate particle tessellation samples. It offers support for Voronoi tessellations in both 2D and 3D, large tessellations can be easily created, and any convex domain shape can be used [START_REF] Quey | Large-scale 3d random polycrystals for the finite element method: Generation, meshing and remeshing[END_REF][START_REF] Quey | Optimal polyhedral description of 3d polycrystals: method and application to statistical and synchrotron x-ray diffraction data[END_REF]. Moreover, tessellations can also be written in various formats for different simulations. Before generating the trapezoidal numerical specimen for a 2PB test, two main parameters need to be input. The first is particle size: we input the size of aggregates according to the PSD results (Figure 4.10) to simulate aggregate gradation. The second is particle morphology: we input the aggregate shape parameters from the statistics reported in Table 4.1, including aspect ratio and sphericity and its distribution. Using this procedure, we can achieve the goal of incorporating the aggregate morphology and aggregate size in the numerical simulation of asphalt mixtures. After the generation, about 5,680 tessellations were created following the experimental gradation cut at 2 mm to reduce the total quantity of particles in the sample, so that finer aggregates are included in the asphalt mastic. For particles between 2 mm and 4 mm, we assume that they have the same morphology distribution as other particles. Then, the vertices of each tessellation were imported in LMGC90 to build numerical models. In this stage, particles were generated based on the convex hull of vertices from the tessellation. The initial generated tessellation is not proper for modeling the asphalt mixture because there are no gaps between grains and particles touch seamlessly. Therefore, the original particle size from net tessellation is shrunk by multiplying a correction factor f cr (Eq. 4.1 [START_REF] Quezada | Discrete element modelling of hot mix asphalt complex modulus using realistic aggregate shapes[END_REF][START_REF] Gaillard | Resilient modulus prediction of rap using the contact dynamics method[END_REF]) in order to create gaps accommodating the mastic phase among particles. As Figure 4.11 shows, rigid particles interact with each other through the viscoelastic asphalt mastic.

f cr = (1 - T L 100 ρ S ρ L ) 1 3 (4.1)
Where: T L is the binder content (4.7%), ρ S the initial density of particles (2.6M g/m 3 ) and ρ L the density of binder (1.03M g/m 3 ).

After the sample generation, the contact model was activated between particles. To simulate the mobile loading parts in the experimental device, a top plate was generated with mass of 0.235 kg and put over the sample. Finally, the system was stabilized by activating gravity. Following this entire process, numerical samples were prepared with the same geometrical properties as those identified on experimental specimens. 

Burgers contact model and its calibration

Asphalt mixture is a complex composite material showing a viscoelastic behavior, thus a viscoelastic contact model based on the Burgers model was adopted in the simulation. This model comprises a Maxwell model in series with a Kelvin-Voigt model (Figure 4.12), the normal and tangential properties including stiffnesses and the viscosities for the Maxwell and the Kelvin-Voigt parts correspond to K mi , C mi , K ki , and C ki , respectively, where i stand for n, t or s.

For a viscoelastic material under cyclic loading, it is possible to determine the complex compliance from the resulting strain and stress as following:

|D * | = D ′ (ω) 2 + D ′′ (ω) 2 (4.2) D ′ (ω) = 1 E m + E k E k 2 + ω 2 η k 2 (4.3) D ′′ (ω) = 1 ωη m + ωη k E k 2 + ω 2 η k 2 (4.4)
Where:

• E m , η m , E k and η k correspond to the macroscopic Maxwell and Kelvin-Voigt stiffnesses and viscosities respectively.

• |D * | is the complex compliance, D ′ and D ′′ are the real and the imaginary parts of the complex compliance, and ω is the pulsation.

The normal components of the microscopic parameters at the particle-scale can be assessed by:

K mn = A c E m /l 0 (4.5) C mn = A c η m /l 0 (4.6) K kn = A c E k /l 0 (4.7) C kn = A c η k /l 0 (4.8)
Where:

• A c is the cross-section area of two particles in contact and l 0 is the initial distance between the particles.

On the other hand, the tangential components of the contact model for both tangential directions t and s can be computed from the above normal parameters, as:

K mt = K ms = K mn 2(1 + ν) (4.9) C mt = C ms = C mn 2(1 + ν) (4.10) K kt = K ks = K kn 2(1 + ν) (4.11) C kt = C ks = C kn 2(1 + ν) (4.12)
Where:

• ν is the Poisson's ratio, this ratio was set to 0.35 [START_REF] Quezada | Complex modulus modeling of asphalt concrete mixes using the non-smooth contact dynamics method[END_REF].

In the contact dynamics (CD) method, the contacting laws are nondifferential steep laws defining the relation between relative velocities U and impulses R. These laws are based on the Signorini condition and Coulomb's friction law for perfectly rigid bodies. The CD formulation of solving the non-smooth contact problem above can be written as:

U + = U -+ W R + dt (4.13)
Where: • U + and U -are the relative velocities at times t and t + dt, where dt is the time step;

• W is the Delassus matrix, which contains the values of the inverse reduced inertia;

• R + is the vector of contact forces at time t + dt.

Adding the complementary velocities generated into the Burgers model to the general CD formulation for frictional contacts (Eq. 4.13, leads to the following equation of motion:

U + = U -+ U + k + U + m K + U + m C + W R + dt (4.14)
Where:

• U + k is the complementary relative velocity generated by the Kelvin-Voigt model.

• U +

mk and U + mc are the complementary relative velocities generated by the stiffness and viscosity parts of the Maxwell model.

The contact forces generated within the Burgers model can be determined for each section as function of the complementary relative velocities, as follows:

R + = R + k = R + mk = R + mc (4.15) R + k i = -K ki δ + ki -C ki U + ki (4.16) R + mki = -K mi δ + mki (4.17) R + mci = -C mi U + mci (4.18)
Where:

• R + k , R + mk and R + mc correspond to the local reaction vectors at time t + dt generated by the Kelvin-Voigt and the Maxwell properties, respectively.

Replacing the complementary velocity terms obtained from Eq. 4.16 to 4.18 into Eq. 4.19, leads to a modified equation of motion in the CD formulation, obtained as a function of the parameters of the Burgers model as:

U + i = U - i - K ki δ ki C ki + R - i dtK mi + [W ii + (- 1 dtK mi + 1 C mi + 1 C ki )]R + i dt (4.19)
This formulation is solved implicitly by means of an iterative procedure based on the Non-Linear Gauss-Seidel algorithm (NLGS) method. The relations between velocities and contact forces for the Burgers model in CD method are plotted in Figure 4. [START_REF] Michael J Markow | Analyzing the interactions between dynamic vehicle loads and highway pavements[END_REF]. More details about the numerical implementation of this contact model in CD method can be found in [START_REF] Quezada | Complex modulus modeling of asphalt concrete mixes using the non-smooth contact dynamics method[END_REF]. The master curve describing the loading time dependency of asphalt mixtures can be built according to the time-temperature superposition principle [START_REF] Sias | Mechanistic and volumetric properties of asphalt mixtures with recycled asphalt pavement[END_REF][START_REF] Kim | A mechanistic approach to determine price reduction factors for densitydeficient asphalt pavements[END_REF]. The equation (Eq. 3.7) defined in Chapter 3 was used to build the corresponding master curve for the asphalt mixture. After the calibration, the previous stabilized specimens were submitted to dynamic loading. Figure 4.17 illustrates the macro-and micro-mechanical behavior of an asphalt specimen in one loading cycle. At the macro-mechanical scale, repeating compression and tension states in the specimen lead to fa-tigue cracks inside the sample. On the other hand, at the contact-scale, there are two main types of force between particles: the tangential force inducing shearing in the interfacial plane of contact and the normal force lying perpendicular to this plane. Both forces contribute to the fatigue damage of asphalt mastic between particles, playing a major role in contact breakage and particle movement, finally initiating and propagating macro-cracks inside the mixture. 

Particle velocity distribution and contact force networks

The numerical sample follows the loading condition and responding particle movement behaves accordingly. Figure 4.20 depicts different stages during one loading cycle in the numerical test. The particle velocity achieves the maximum value at T1 and T3 when the displacement amplitude is the maximum, and it is close to zero at T4 due to the balance calculation at the end of the loading. For T0 to T3, the average particle velocity displays an increasing trend along with the specimen height, from a minimum value for particles lying on the bottom plate up to a maximum value for particles bonded to the top loading plate. 

Normal and tangential force analysis

As previously evoked, both normal and tangential forces between particles can be considered for the set up of a damage contact model. In this part, we examine the changing trend of the tangential and normal forces for different loading frequencies and temperatures. From the above analysis, we choose T1 and T3 as the critical time to process force analysis. At the macroscopic scale, asphalt materials have a stiffer behavior at higher frequencies or lower temperatures. During a performance test of asphalt mixtures, the specimen exchanges compression and tension in loading cycles.

The specimen is subjected to a higher stress level at higher frequencies or lower temperatures, which induces earlier damage initiation. From the microscopic analysis at the contact scale above, we can conclude that the specimen withstanding lower frequency or higher temperature tends to exhibit better resisting performance to adhesive failure because of lower tangential force and lower normal force between particles.

Particle forces analysis above reveals the micro-mechanism of mixture failure initiation at the contact scale. By using the presented numerical method, some earlier failure patterns of asphalt mixtures could be envisaged. The findings here are also encouraging for further prediction of damage evolution in future studies. Long-term performance tests such as laboratory fatigue tests are always time-consuming and expensive. Due to the limitation of computation capacity, it is still challenging to reproduce long-term performance tests with larger numbers of loading cycles in numerical tests. The proposed numerical modeling method might be used to study mixture damage evolution if a damage model of bonds between particles with the cycle number is added in the numerical simulation process.

Conclusions of the chapter

In this chapter, combining laser scanning and image processing, morphology features of aggregates were collected and analyzed statistically. Aggregate flatness ratio, elongation ratio, and Sphericity value all obey normal distributions. The average aspect ratio (L : I : S) for aggregates and the mean and standard deviation of the Sphericity value were obtained as input particle shape parameters in the numerical simulation.

The contact dynamics method was introduced to model asphalt mixtures because of its superior capability in polyhedron simulation. Asphalt mixture specimens were generated by a tessellation method based on particle morphology statistics. The modeling method incorporates the aggregate morphology and size distribution in the numerical simulation. It also reduces the computational time significantly during the preparation stages for polyhedral samples, such as deposition by gravity and compaction.

Experimental and numerical 2PB tests under different temperatures and frequencies were carried out to validate the model reliability. The dynamic modulus and the phase angle were calculated to analyze the viscoelastic be-havior. The corresponding numerical master curves were in good agreement with the experimental data.

Through the microscopic analysis, both the tangential force and the normal force between particles have an apparent increasing trend with increasing loading frequency and decreasing temperature. Comparing the trends of the tangential force and normal force between the particles during cyclic loading, the mechanism of damage initiation for viscoelastic materials could be assessed at the particle scale.

The following paper summarizes the main results of this chapter: Ge, H., Quezada, J. C., Le Houerou, V., & Chazallon, C. (2021). Threedimensional simulation of asphalt mixture incorporating aggregate size and morphology distribution based on contact dynamics method. Construction and Building Materials, 302, 124124. [START_REF] Ge | Three-dimensional simulation of asphalt mixture incorporating aggregate size and morphology distribution based on contact dynamics method[END_REF].

Introduction

The tire-pavement interaction is an extremely complex contact problem in the contact mechanics domain. In the chapter 3, we adopted Tekscan to measure the tire contact stresses experimentally, this method is adequate when we focus on the free-rolling tire loading condition as the tangential contact 107 stresses are negligible, as the dominant vertical tire contact stress can be well characterized through measurements. However, when we shift our attention to braking/acceleration cases, the experimental method has limitations in obtaining tangential tire contact stresses. Due to these limitations of experimental measurements in studying different kinematic cases, experimental approaches struggle to examine this interaction system adequately.

On the other hand, numerical tools provide an effective way to explore this system while taking into account the system complexity. However, current research has primarily focused on macro simulations of the tire-pavement interaction based on mesh-based methods such as FEM [START_REF] Wang | Impact quantification of wide-base tire loading on secondary road flexible pavements[END_REF][START_REF] Wang | Simulation of tyre-pavement interaction for predicting contact stresses at static and various rolling conditions[END_REF][START_REF] Wollny | Numerical modelling of tyre-pavement interaction phenomena: coupled structural investigations[END_REF][START_REF] Guo | Tire-pavement contact stress characteristics and critical slip ratio at multiple working conditions[END_REF][START_REF] Guo | Analysis of contact stresses and rolling resistance of truck-bus tyres under different working conditions[END_REF][START_REF] Wollny | Coupling of microstructural and macrostructural computational approaches for asphalt pavements under rolling tire load[END_REF] and SAM [START_REF] Oubahdou | Effect of the tire-pavement contact at the surface layer when the tire is tilted in bend[END_REF][START_REF] Ey Manyo | Tire-pavement tractive rolling contact under turning conditions: towards pavement top-down cracking[END_REF][START_REF] Edem | Approach of pavement surface layer degradation caused by tire contact using semianalytical model[END_REF], in which the asphalt pavement is usually assumed homogeneous due to the limitations of mesh-based methods in the continuum mechanics framework. Mesh-based methods can simulate tire contact stresses precisely on the pavement surface, but it is still a struggle to quantify internal mixture responses at the particle scale.

As introduced in the previous chapter, asphalt mixtures are complex multiphase systems composed of aggregate particles and asphalt mastic. DEM is an effective method to model the interacting components of asphalt mixture and to understand the mixture responses from the particle level.

In this chapter, we report a multiscale simulation method to examine the tire-pavement interaction combining FEM and DEM approaches based on the Contact Dynamics (CD) method. The multiscale modeling approach brings the benefit that FEM can provide precise tire contact stresses on the pavement surface, while DEM can evaluate effectively the internal discontinuity behavior of the asphalt mixture. This method proposes an innovative and promising way to simulate the tire-pavement interaction and to explore degradation mechanisms of the asphalt pavement surface under different tire loads at the particle scale.

Tire modeling and calibration

Tire structure and model construction

The tire structure is extraordinarily complex. For a typical radial tire, it comprises components at several scales such as ribs, grooves, beads, sidewalls, and belt piles, and every part has its own material properties. Numerical simulations have a universal purpose of capturing the main features of a problem and ignoring its secondary factors. A wheel can be divided into two parts from the point of its functionality: a deformable part that models the tire itself and air together, which interacts with the pavement surface directly, and a rigid rim serving as the driven system following the tire motion that supports the loading, and transmits acceleration and braking. We adopted this strategy in tire modeling for its efficiency and simplicity.

In the modeling, a passenger tire (185/65R15) was chosen and a threedimensional laser scanner (FARO Freestyle3D) was employed to reconstruct the tire geometry (Figure 5.1). //www.meshlab.net/) was used to process the cloud points and reconstruct the tire shape. Raw tire data are very noisy and have many textures, which are not conducive to numerical simulation since it produces geometrical nonlinear complexity. The tire data were handled based on a method proposed elsewhere [START_REF] Yamashita | Flexible multibody dynamics approach for tire dynamics simulation[END_REF]. Based on the scanning results, the longitudinal tire grooves were retained, whereas the transverse textures were omitted by image processing, and the rigid rim part was replaced for the sake of simplicity by a cylinder inheriting the same diameter. Then, the open-source software Gmsh was used to conduct the meshing process. A fine mesh (5 mm characteristic length) was defined for the outer tire part and a coarse one was chosen for the inner tire part (30 mm characteristic length) to achieve a good precision while saving the computation time. Figure 5.2 shows the generated tire model.

Figure 5.2: Tire model and mesh refinement

Model calibration

The rim part was assumed to be rigid, and the deformable part was modeled via a linear elastic material. The degree of freedom of these two objects was fixed by setting a coupled contact law so that the deformable and rigid parts can stick together and prevent sliding. To identify elasticity parameters of the deformable part, a tire compression test [START_REF] Edem | Towards fast modelling of the tire-pavement contact[END_REF] was performed.

In the experiment, the tire was placed between two rigid plates, the force sensor was set on the top plate. We then recorded the force value (F [N]) and displacement (z [mm]) of the top plate. We measured the displacement values of the top plate at four force levels (F = 1, 2, 3, 4 kN), then the tire load-deflection test results were used furthermore to calibrate the tire bulk behavior through numerical simulations.

During the numerical simulation of the reproduced test, Signorini's condition and Coulomb's friction law were adopted as the contact law between the tire and the rigid plates, and the friction coefficient was set as close to zero considering the slippery feature of the plate surface. A numerical top rigid plate was then subjected to the same vertical velocity as in the experimental test. As a final step, the numerical load-deflection curve of the rigid top plate was recorded during the simulation and then compared with the experimental results. The material properties were calibrated in the numerical simulation to fit the experimental deflection values. Figure 5.3 presents the compression test process and calibration results, where the tire inflation pressure was equal Depending on the driving state and direction, a vehicle tire could withstand forces and torques in every directions. Figure 5.4 illustrates the force status of a rolling tire and the contact mechanical actions transmitted to the pavement surface. The vertical force is given by the weight of the vehicle and depends on the dynamic behavior of the suspension. The longitudinal force is generated when the tire is traveling in a straight line, during acceleration or braking. The side (lateral) force is generated when the tire is changing direction, during cornering. [START_REF] Johnson | Contact Mechanics[END_REF] where:

• F x [N] -lateral tire force.

• F y [N] -longitudinal tire force.

• F z [N] -vertical tire force.

• ω [rad/s] -tire angular velocity.

• V [m/s] -tire longitudinal velocity.

• Q x , Q y , W -contact forces on the pavement surface.

• M x , M y , M z -contact moments on the pavement surface.

The contact stresses on the pavement surface including the normal and tan- 

Q x = Γc q x (x, y)dS = F x (5.2) 
Q y = Γc q y (x, y)dS = F y (5.3) 
where:

• W [N] -normal load applied.

• Q x , Q y [N]
-tangential load applied.

• p(x, y) [Pa] -normal contact pressure at a point(x,y).

• q(x, y) [Pa] -tangential contact pressure at a point(x,y).

• Γc [m 2 ] -contact area.

After the construction of formulations solving the contact problem between the tire and pavement surface, it is possible to study the pavement surface responses under various tire loading conditions.

A pavement surface layer interacting with the tire was built and shown in figure 5.5. A dimension of 0.3 m×0.3 m×0.04 m in x, y, and z-direction was chosen for the modeling of a typical pavement wearing course. The y-axis represents the tire moving direction, and the x-axis represents the transverse (or lateral) direction, the spatial mesh size was chosen as 5 mm×5 mm×10 mm in x, y and z respectively, the mesh size of the contact zone under the tire matches the mesh size of the tire outer part to capture the stress distribution accurately.

Asphalt mixtures exhibit complex visco-elastic and visco-plastic behaviors regarding loading conditions, mainly including temperature and loading frequency. For the sake of computation efficiency, the elasticity modulus and Poisson's ratio of the surface layer was chosen to be 13,000 MPa and 0.35 respectively according to the experimental complex modulus test results at 15 °C and 10 Hz [START_REF] Ge | Three-dimensional simulation of asphalt mixture incorporating aggregate size and morphology distribution based on contact dynamics method[END_REF]. Thus the asphalt mixture was assumed as an elastic material in the modeling [START_REF]Bituminous mixtures. test methods for hot mix asphalt. stiffness[END_REF]. We used Coulomb's friction law to describe the contact between the tire and the pavement surface, and the friction coefficient was chosen as µ=0.8, where this value is commonly used as reference value for tire-pavement friction. For simulating tire axial loads, the driven forces were applied on the rim part of the calibrated tire model. During the entire simulation, the bottom of the layer was used as a fixed boundary condition.

The weight of a four-wheeled passenger car was assumed to be equally distributed between tires, the vertical load F z of a tire can then be calculated as follows:

F z = G v /4 = m v • g a /4 (5.4) 
Where,

• G v [N] -vehicle weight.
• m v -vehicle mass, it was set to 2.0 t in this study.

• g a -gravitational acceleration (9.8 m • s -2 ).

In this study, we examined the longitudinal tire behavior, including braking and acceleration. For a rolling tire without cornering, its longitudinal velocity can be calculated as: where:

V y0 = r w • Ω 0 (5.5) 
• V y0 [m/s] -rolling tire longitudinal velocity.

• r w [m] -rolling tire radius.

• Ω 0 [rad/s] -rolling tire angular velocity.

When a torque is applied to the tire, either for acceleration or braking, a longitudinal slip (k) occurs between the tire and the vehicle [START_REF] Pacejka | Tire and vehicle dynamicss[END_REF], calculated as:

k =        - V y0 -r w • Ω V y0 = - Ω 0 -Ω Ω 0 , a v < 0 r w • Ω -V y0 r w • Ω = - Ω -Ω 0 Ω , a v > 0 (5.6) 
where:

• k [-] -longitudinal tire slip.

• Ω [rad/s] -braking/accelerating tire angular velocity.

• a v [m/s 2 ] -vehicle acceleration.

During braking, if the tire is completely locked (Ω = 0), the k parameter will reach a minimum value equals to -1. During acceleration, if the vehicle is activating but the tire is at standstill (Ω 0 = 0), the k parameter reaches its maximum value of 1.

For k different from zero, it corresponds to the acceleration (k > 0) or braking (k < 0) states, and the tire is subjected to longitudinal forces. For k = 0, it corresponds to the free-rolling state. When the tire is rolling in a steady-state (angular and translational velocities are constant), the dynamic process of the tire rolling is time-independent [START_REF] Wollny | Numerical modelling of tyre-pavement interaction phenomena: coupled structural investigations[END_REF]. In the steady-state simulation, there is no requirement for the tire to move over the FEM mesh of the pavement, which makes it possible to calculate this interaction system numerically efficiently. Furthermore, it also allows the use of a dense mesh within the contact area of the pavement and the tire, which allows the accurate capture of tire contact stresses on the pavement surface. The tire loading state during rolling is also determined by the tire rolling speed. According to previous studies, for a passenger tire, the rolling tire radius r w changes slightly when the tire experiences different rolling speed (from 0 to 5 km/h) [START_REF] Guo | Analysis of contact stresses and rolling resistance of truck-bus tyres under different working conditions[END_REF]; and tire rolling speed (from 15 to 90 km/h) has a negligible effect on the tire contact stresses [START_REF] Xiong | In-plane Tire Deformation Measurement Using a Multi-Laser Sensor System[END_REF]. Herein, we assume that the tire rolling speed does not affect the tire loading state. Consequently, the tire rolling contact can be considered to be stationary in the steady-state. As declared above, there are therefore two coupled effects: a normal effect caused by vertical loads, and a tangential effect caused by tangential loads (mainly from tire acceleration or braking).

Tire contact stress distribution under free-rolling

When a tire is in a free-rolling state, only vertical load F z = 5 kN acts on the tire. Figure 5.6a shows the magnitude of tire contact stresses on the pavement surface. This contour shows that the tire-pavement contact area is close to an ellipse. Figure 5.6b shows that the vertical contact stress is not uniform across the whole contact area. The distribution of the vertical stress is symmetric along the y-axis (tire length), and the maximum stress values concentrate at the tire center ribs.

Figures 5.6c and 5.6d demonstrate that the tire also induces contact stress components in lateral and longitudinal directions, affecting pavement responses together. The longitudinal contact stress distributes symmetrically along the y-axis, their peak values locate at the tire center ribs. The lateral contact stress distributes symmetrically along the x-axis (tire width) and the stress values achieve maximum at the tire edge ribs. In terms of peak values, the ratio between vertical, lateral, and longitudinal contact stress is about 1: 0.18: 0.14; the tangential contact stresses are considerably low compared to the vertical contact stress as expected for free-rolling conditions.

Tire contact stress distribution under fullbraking

Since the longitudinal forces associated with a tire are similar for acceleration and braking, this study analysed tire contact stresses in braking conditions. In braking, the direction of the braking torque is opposite to the tire moving direction. If the tire slip reaches its minimum value (k=-1), it means that the tire is fully locked (hence full-braking), and the longitudinal force F y can 

F y = µ • F z (5.7) 
Where:

• µ [-] -friction coefficient between tire and pavement surface.

During full-braking, both the vertical force F z = 5 kN and longitudinal force F y = 4 kN act on the tire rim. Figure 5.7 illustrates the distribution of tire contact stresses under full-braking. The tire contact area shows a shape similar to the free-rolling condition, but the intensity of the distribution of contact stresses differs. As a result of braking force action, the maximum contact stress area is concentrated along the negative y-axis.s full-braking condition are very similar to those of free-rolling condition as there is no lateral force acting on the tire under two conditions. However, Figure 5.7d shows that the magnitude of longitudinal contact stress increases drastically in the full-braking condition in comparison with the free-rolling condition. Additionally, the longitudinal stresses are symmetric in free-rolling and go from a negative minimum to a positive maximum while they are exclusively positive in full-braking. The average ratio of peak vertical, lateral, and longitudinal contact stress values is about 1: 0.18: 0.37. The increment of tangential contact stresses could accelerate the pavement surface deterioration.

Micro simulation of tire-pavement interaction 5.4.1 Asphalt mixture modeling

The macro-scale model of the tire-pavement surface interaction above was used to study further the effect of various tire rolling conditions on pavement responses at the particle scale. This section describes the creation of a DEM pavement surface layer via CD method, the main work of the DEM modeling for asphalt mixtures is based on 4.

The open-source software NEPER was adopted to generate tessellation samples of the surface layer based on the particle size distribution (PSD) (Table 4.2) and the morphology properties.

The following steps were followed to generate the mixture sample: i) Tessellations were created following the aggregate morphology statistics and PSD cut at 2 mm to reduce the total quantity of particles in the sample, so that finer aggregates are included in the asphalt mastic;

ii) The vertices of each tessellation were imported in LMGC90 to build numerical models. At this stage, particles were generated based on the convex hull of vertices from the tessellation;

iii) The particles from the original tessellation were shrunk by multiplying a reduction factor in order to create gaps accommodating the mastic phase among particles. 

Non-uniform tire load simulation

Research about the simulation of non-uniform tire loads in DEM models is rare. Herein, we proposed a strategy to simulate non-uniform boundary conditions on a particle assembly inspired by previous studies of FEM simulations [START_REF] Wang | Analysis of near-surface cracking under critical loading conditions using uncracked and cracked pavement models[END_REF][START_REF] Dong | Analytical solutions of asphalt pavement responses under moving loads with arbitrary non-uniform tire contact pressure and irregular tire imprint[END_REF]. As a result of the relatively large pavement stiffness compared to the tire, when a tire is in motion on a pavement surface for a short period of time, the pavement surface deforms negligibly. So we can make an assumption that the pavement structure has no effects on the tire contact stresses during the tire rolling process.

Therefore, for a rolling tire in a steady-state, we applied directly the force field obtained from the contact stress distributions of the FEM tire model on the DEM asphalt layer surface. The coupling method allows for the computation to be efficiently solved while keeping accuracy, as it eliminates the massive contact detection between the tire elements and asphalt mixture particles and the internal calculation of the tire elements. Moreover, another advantage is that real particle shapes can be taken into account in the asphalt mixture simulation via DEM tools owing to the saving computation cost.

In the DEM model, the measured tire contact stresses (vertical, transverse, and longitudinal) under each rib were applied, respectively, on the tire contact area (Lx = 0.13 m, Ly = 0.22 m), as Figure 5.10 shows. By adjusting the number and size of elements within each rib, the exact shape of the tire contact patch at a given load level could be considered. Depending on their locations based on the tire contact area, all elements along a tire rib have varying contact stresses along with the vertical, longitudinal and lateral directions. For an accurate capture of tire contact stresses, in particular longitudinal contact stress, while conserving calculation efficiency, the element length and width were equal to the tire thread width and the groove gap, respectively. The contact stresses were converted to equivalent concentrated forces using element shape functions as implemented into the FEM calculations, where all forces were assumed constant throughout the calculation. It can be found that these boundary forces present a consistent distribution as the tire contact stresses aforementioned, which proves the method effectiveness.

After the mixture calibration described in the previous part, we generated a pavement surface layer composed of polyhedral particles consistent with the tire contact dimensions (Figure 5.12a), where the bottom particles were fixed using a fixing boundary wall. Considering the viscoelastic contact between particles, the full pavement model comprised about 25,000 polyhedrons, leading to a large computation cost. As described before, the spatial distribution of tire contact stresses under both free-rolling and full braking is symmetrical along the longitudinal axis. Regarding the symmetrical boundary conditions, a symmetrical simulation strategy was adopted in the simulation in order to reduce the computational cost. The simulation only considers the half pavement model during the calculation, simultaneously, the freedom of x-direction for particles located on the center surface was fixed, as shown in Figure 5.12b. Finally, the tire loads were applied to the half pavement model as force boundary conditions, we studied the pavement responses after a short loading time (1 × 10 -2 s) in order to simulate an instantaneous dynamic loading. Note that particles under both free-rolling and full-braking conditions have a similar lateral displacement distribution since the lateral tire contact stresses occur in a comparable pattern on the pavement surface for the two loading conditions.

Particle displacement distribution

Comparing the particle displacement distribution under free-rolling and fullbraking conditions, the whole particle displacement under full-braking is larger than that under free-rolling. Figure 5.14 gives the comparison for peak values of the particle displacement and their components in the three directions under free-rolling and full-braking. Despite the similarities of their lateral components (x-direction) and vertical components (z-direction), the particle displacements are quite different along y-direction due to the differences in longitudinal tire contact stresses. Under full-braking loading, the displacement of particles becomes intensified, especially in the longitudinal direction. The imposed loading condition of contact stresses causes particles to rotate around the lateral direction, possibly leading to structural instability and high tensile strain and stress of the mixture. 

Particle contact force analysis

At the contact plane between two particles, there are two main types of forces: the tangential force that induces shearing in the contact plane, and the normal force lying perpendicular to that plane. Both forces contribute to particle contacts being damaged, causing contact breakage and particle movement, leading to macro-cracks forming and propagating inside the mixture. Figure 5.15 shows the normal force distribution for particles subjected to free-rolling and full-braking conditions. The normal force values for fullbraking and free-rolling conditions distribute asymmetrically along the y-axis Figure 5.16 shows the distribution of tangential force values under different loading conditions. The tangential force values for both full-braking and free-rolling conditions follow approximately a normal distribution centered at zero. A larger magnitude range of tangential force values is observed under full-braking than that under free-rolling, which indicates that full-braking loading induces a stronger shear effect among particles than free-rolling loading, resulting in possible earlier damage initiation within the mixture.

Pavement design methods traditionally consider only the vertical tire load and assume that the load is uniformly distributed. Nevertheless, based on the above multiscale analysis, these assumptions could be unreliable for investigating the degradation mechanisms of the asphalt pavement surface.

The contact stresses distribute non-uniformly across the contact area; the tangential contact stresses caused by the tire are inevitable, particularly in acceleration or braking, which is crucial to the asphalt mixture responses. For predicting surface failures such as top-down cracks, taking only vertical contact stress into account and assuming uniform contact stress appears inadequate, as it could lead to misinterpretations of pavement responses under tire loading.

Conclusions of the chapter

This chapter has introduced the CD method to conduct a multiscale FEM-DEM simulation for the tire-pavement interaction investigations. The main conclusions drawn are as follows:

The tire modeling strategy and its calibration were detailed. The tire geometry was reconstructed via laser scanning and image processing techniques.

The tire structure was built by FEM according to its function and the relevant parameters were identified with a compression test.

The contact stress distributions under free-rolling and full-braking reveal that the tire induces contact stresses in three directions (vertical, transverse, longitudinal) and the contact stresses are not uniform across the contact area as expected. The tangential contact stress on the pavement surface under full-braking is obviously much higher than that under free-rolling.

The internal mixture responses under tire loads were investigated by modeling a pavement surface layer via DEM. Under the full-braking condition, particle displacement distribution illustrates that particles tend to flow along the longitudinal direction and rotate ahead, which may lead to structural instability of the mixture. According to the analysis of particle contact forces, the tangential force values under full-braking have a wider distribution range than those under free rolling. It indicates that the full-braking condition induces a greater shear effect within particles in the mixture than the freerolling condition, and may thereby result in earlier damage initiation.

The following paper summarizes the main results of this chapter: Ge, H., Quezada, J. C., Le Houerou, V., & Chazallon, C. (2022). Multiscale analysis of tire and asphalt pavement interaction via coupling FEM-DEM simulation. Engineering Structures, 256, 113925. [START_REF] Ge | Multiscale analysis of tire and asphalt pavement interaction via coupling fem-dem simulation[END_REF].

Introduction

In the previous chapter, we proposed a multi-scale method to investigate the tire-pavement interaction mechanism under quasi-static tire loads. The multi-scale method incorporates the advantages that FEM can simulate contact stresses precisely on the asphalt pavement surface and DEM is capable of examining internal responses of the asphalt mixture at the particle scale. However, due to the limitation of quasi-static loading conditions, the dynamic asphalt mixture responses were not fully examined.

In this chapter, an advanced 3D FEM-DEM coupling simulation is presented to examine internal asphalt mixture responses micromechanically under transient rolling tire loads. Within the simulation, advanced algorithms were developed to handle the contact detection between mixture particles and tire contact forces and also to achieve the application of rolling tire loads on the asphalt mixture layer.

Then we analyzed statistically the micro-mechanical responses including particle movement characteristics, displacement and velocity distributions, contact forces, and individual particle displacement in an asphalt mixture under different tire rolling conditions. The current study proposes an innovative method for exploring dynamic tire-pavement interaction under rolling tire loads, which could help revealing degradation mechanisms of asphalt pavement surfaces under realistic rolling tire loads at the particle level.

FEM-DEM coupling for the dynamic tire-pavement interaction

As introduced in Chapter 5, we proposed a multi-scale method to investigate tire-pavement interaction, rib elements are used to transfer tire loads derived from the FEM tire model to the DEM model of asphalt mixture. This method is struggling when examining asphalt mixture responses under transient rolling tire loads as the load transfer media, the rib elements, are unsuitable for moving. In order to fully understand asphalt mixture failure mechanisms, it is essential to examine dynamic asphalt mixture responses under transient rolling tire loads. Herein, we developed an advanced coupling strategy to achieve the dynamic tire-pavement interaction process under rolling tire loads.

Coupling algorithm

The kernel of the advanced FEM-DEM coupling is based on the detection between tire contact forces and particles. This detection is conducted to determine which particle is in contact with the tire contact force ( -→ F n ), where -→ F n is derived from the nodal force on the pavement surface from the FEM tire-pavement model, thus -→ F n is composed of three component F nx , F ny , F nz . The coupling process is shown in Figure 6.1.

At first, we focused on the contact area of the tire and pavement surface, so we extracted the tire footprint dimensions from the tire model (Figure 6.1a). When the vertical tire force F nz is lower than zero, the force position is deemed to be inside the tire-pavement surface contact area. After scanning all the force coordinates of the pavement surface, a square boundary area (L x × L y ) circumscribing all the contact force points could be obtained (Figure 6.1b). Then, according to the square boundary dimensions, we created an asphalt mixture wearing layer with a thickness of 4 cm by using the calibrated asphalt mixture parameters. Afterward, the contact detection between the tire contact forces and asphalt mixture aggregates was performed during the simulation. Finally, the tire contact forces were applied to the particles on the asphalt mixture layer surface and the coupling simulation was conducted based on the time-iteration calculation frame. The general procedure is shown in algorithm 2.

Tire contact force detection

For the tire contact force detection, we perform a detection at two levels: coarse detection and fine detection. As shown in Figure 6.2, for a particle located on the asphalt layer surface, we first extracted its geometry information including polyhedron vertices. Then, we calculated the bounding box (minimal and maximal coordinates of vertices in x, y and z direction) of this particle and compared the tire contact force coordinates (F coor ) with the horizontal range of the bounding box, as shown in Figure 6.2a. If the tire contact force is outside the bounding box, it is judged that the contact force is outside all the particle surfaces. The tire contact force may also lie outside the particle surfaces while being in the bounding box, so we need to perform a further accurate detection, the fine detection. To perform fine detection, we extracted particle surfaces and compute a dot product to determine if the tire contact force is located on the particle surface. As shown in Figure 6.2b, a particle surface (ABC) is taken as an example. If the tire contact force point (P) is inside the triangle surface, the results of all the cross products (

-→ AB × -→ AP , --→ BC × --→ BP , -→
CA × -→ CP ) must be higher than zero. The detection procedures are listed in the algorithm 3. 

Tire contact force application

After the contact detection procedure, we need to apply the tire contact forces on particles located on the asphalt layer surface. For the contact force application, we applied external tire contact forces to the mass center of polyhedron particles. As shown in Figure 6.3, as a tire contact force -→ F n has three components (F nx , F ny and F nz ), it also has three associated components of moments (M x , M y and M z ) on the particle. Finally, following the construction of the coupling frame, the mechanical response of the asphalt mixture layer under varying tire rolling conditions including rolling velocity and rolling status could be further investigated, as introduced in later sections. All the simulations were conducted in LMGC90

Algorithm 4 Tire contact force application to the particle 1. External particle force f calculation if Tire contact force point is on the particle surface then

f x = F nx f y = F ny f z = F nz 2. External particle moment M calculation M x = F ny * dz + F nz * dy M y = F nx * dz + F n z * dx M z = F nx * dy + F ny * dx end if at T ref = 15 °C
, which is a referenced value in French pavement design [START_REF]Bituminous mixtures. test methods for hot mix asphalt. stiffness[END_REF]. The Burgers contact law was activated between particles in the asphalt mixture, related contact parameters as listed in Table 5.1 of Chapter 5 were assigned in the model.

Validation of the coupling method

To verify the effectiveness of the proposed modeling approach, numerical simulations at static tire loads were further conducted. Using the coupling method, the tire loads were applied to the asphalt layer model as force boundary conditions. We studied the pavement responses after a short loading time (1 × 10 -2 s) in order to simulate instantaneous dynamic loading. The time step was set to 5×10 -5 s during the entire simulation to ensure numerical stability. For the entire simulation, the bottom particles in the asphalt layer model were fixed by a rigid wall, which provides a bottom boundary condition.

Comparisons between contact stresses and particle displacements for different directions (X, Y, Z) were made, as shown in Figure 6.4. Figures 6.4b, 6.4d, and 6.4f demonstrates that the tire induces non-uniform contact stresses in three directions including transverse, longitudinal and vertical components, affecting pavement responses together. In terms of peak values for vertical, transverse, and longitudinal contact stresses, the vertical contact stress is much bigger than the other two tangential contact stresses.

The vertical stress distribution is symmetric along the y-axis (tire length), and maximum values are concentrated at the tire center ribs. The transverse contact stress occurs as a result of restricted horizontal movement of the tire ribs, the maximum stress value occurs at the ribs of the tire. The longitudinal contact stress is mainly caused by friction between tire and pavement and reaches its peak values at the center tire ribs.

As a result of applied tire-pavement contact stresses on the asphalt layer surface, particles move consistently in three directions, as shown in corresponding figures 6.4a, 6.4c, and 6.4e, proving the model reliability and effectiveness of the coupling method. In addition, there are differences in the contour color between particle displacements and applied contact stresses. The difference is caused by the non-uniformity of particle size distribution and particle contact-bearing capacity, big particles usually have more contacts from their surrounding particles and therefore provide them more resistance to external forces and finally induce less fluctuation of particle motion. Figure 6.5a shows further the distribution of particle displacement magnitude under real tire loads. Particle displacements are observed to be nonuniform on the asphalt layer surface. Particles near the center having greater displacements than particles in other regions, which is consistent with the tire-pavement contact stress concentration. Figure 6.5b illustrates the directions of particle movement represented by arrows, and the color of the arrows indicates the magnitude of particle displacement. Due to the fact that the vertical contact stress dominates the entire tire contact stress, the arrow direction is primarily vertical, indicating particles move mainly along the negative Z-direction. In contrast, particles lying under both sides have noticeable horizontal components of particle displacement as a result of existing longitudinal and lateral contact stresses. Following the validation of the coupling method, we investigate further how the asphalt layer responds to rolling tire loads. In contrast with the static simulation, rolling simulation requires the external force field to advance on the asphalt layer surface over time. Thus, a rolling load algorithm based on time-step calculation is used to conduct this rolling process. The coordinates of the external force field move step by step according to the applied tire rolling velocity over time through time advancement. Thanks to the symmetric distribution of tire contact stresses, a symmetric simulation strategy was adopted to reduce the computation cost. The simulation used only half of the layer model along the y-axis, whereas the x-direction of particles on the center surface was fixed simultaneously to provide a lateral boundary condition. Three tire rolling velocities (10, 20, and 30 m/s) were applied to the coupling model at the free rolling condition to investigate the effect of tire rolling velocity on mixture layer responses. Figure 6.6a gives evolution results for the bottom boundary force at tire velocity of 30 m/s along the time. All the force values first increase until they reach their peak values, and then they all decrease gradually down to zero. Besides, the vertical force is dominating the mixture layer, while tangential forces are relatively lower.

Figure 6.6b compares F z (vertical component of the boundary force) at different tire velocities. A similar evolution trend can be observed for F z under different tire loading velocities, with a similar peak value achieved in the middle of the loading time for each tire velocity. It seems that the velocity has no significant influence on the F z peak value as it could have been expected.

Contact force network evolution

In particle-based methods, contact force networks reflect external loads transmitted through granular materials. Coexisting strong and weak contacts form a contact network, which is made up of the corresponding strong contact forces, i.e. forces above the mean normal value (f n > f n ), and weak contact forces (f n < f n ) [START_REF] Azéma | Quasistatic rheology, force transmission and fabric properties of a packing of irregular polyhedral particles[END_REF]. process at a tire velocity of 30 m/s. In response to moving tire load, strong (red) and weak (blue) forces evolved. At the initial stage of rolling (T = 0.0015 s), the contact force network is considerably loose because only a little range of tire load activates on the layer surface. When the tire load is fully distributed on the mixture layer (T = 0.007 s), the strong contact force network reaches its maximum distribution range. After that, as the tire load passes from the layer surface, the strength of force networks starts to diminish. A relatively equal balance of force states is finally achieved (after T = 0.013 s) when the tire load fully passes the layer surface. An analysis of the evolution of the contact networks shows how the tire is moving on the asphalt layer surface, demonstrating the accuracy of the coupling algorithm.

Particle movement characteristics

Further, we investigate the movement of individual particles during the rolling process under different tire velocities. Figure 6.8 depicts the movement evolution of one particle located on the center of the surface layer under various tire rolling speeds. Throughout the loading duration, particle displacement increases, and it reaches its peak value halfway through the loading time. It then decreases gradually until it reaches its residual value. It can be found that particle displacement is mainly caused by vertical particle movement due to strong vertical tire contact forces. Figures 6.8a, 6.8b and 6.8c illustrate that the value of particle displacement cannot return to zero after a tire load passes, which indicates that the tire load causes residual strains due to the viscous flow occurring within the asphalt mixture. The accumulation of the particle displacement after multiple tire load cycles could finally lead to macroscopic non-recoverable plastic deformation such as rutting. Tire load-induced plastic deformation is referred to as permanent displacement here. Figure 6.8d illustrates the permanent displacement of the particle at different tire speeds. According to the results, low tire speed induces high permanent displacement for particles, which is in agreement with the measurement observations that low tire speed causes severe rutting. Furthermore, the particle contact force distribution under two loading conditions was analyzed. The time points corresponding to the peak boundary values were selected as critical times to study the particle contact force distribution.

There are two types of forces acting at the particle contact plane: the tangential force that induces shearing, and the normal force lying perpendicular to the contact plane. The combination of both forces can result in particle contact breakage and particles moving, resulting in macro-cracks forming and propagating within the mix. A comparison of normal contact force distributions for particles at free rolling and full braking conditions is shown in figure 6.10a. As a result of the similar vertical contact stresses at two loading conditions, normal force value distributions are mostly asymmetric along the y-axis (x = 0). The main reason being that particles under both loading conditions generally suffer from a compression state.

As shown in figure 6.10b, the tangential contact force values vary depending on the loading conditions. For both free rolling and full braking conditions, the tangential contact force values follow approximately a normal distribution with zero at the center. Under the full braking condition, the magnitude range of tangential force values is greater than that under the free rolling condition, which indicates that full braking induces a stronger shear effect between particles, which may lead to earlier initiation of damage within the mixture. 

Particle displacement distribution

Average particle velocity

Figure 6.12 gives the evolution of average particle velocity including translation velocity and angular velocity for two loading conditions. The alignment of the translation velocity at full braking (figure 6.12c) exhibits a higher component of velocity along the y-axis than that at free rolling (figure 6.12a), which indicates that particles tend to move along the y-axis during full braking. The comparison of the angular velocity characteristics at two loading conditions shows the particles tend to have a noticeable rotation along the x-axis at full braking, as indicated by figure 6.12b and figure 6.12d. Additionally, the displacement of a single particle is investigated. Figure 6.13 shows the displacement evolution of one particle located on the layer surface center under both loading conditions. It can be found that the full braking condition causes an obvious longitudinal displacement component (Figure 6.13a) during the tire rolling process and a permanent displacement component (Figure 6.13b) along the y-axis after the tire rolling. The assumption of uniform contact stress is insufficient for predicting surface failures of asphalt mixtures, and it could lead to a misinterpretation of pavement degradation mechanisms under tire loads. The FEM-DEM coupling analysis described above offers insights into pavement surface design at the particle level by analyzing asphalt mixture responses under rolling tire loads using both continuum and discrete mechanics methods.

Conclusions of the chapter

The present chapter described a FEM-DEM coupling frame to study asphalt mixture responses at the particle level under real rolling tire loads. The main conclusions are drawn as follows:

An advanced FEM-DEM coupling algorithm was developed for the tirepavement surface interaction process under rolling tire loads. Three procedures including tire imprint determination, tire contact force detection, and tire contact force application were performed continuously. The coupling simulation was performed to examine the response of the asphalt mixture layer to rolling tire load along the time step iterations.

As a result of applied tire-pavement contact stresses on the asphalt layer surface, particles move consistently in three directions, proving the effectiveness of the coupling method. In addition, there are differences in the contour color between particle displacements and applied contact stresses, which are caused by the non-uniformity of particle size distribution and particle contact-bearing capacity.

As the tire rolls on the asphalt layer surface, the particle force network evolves in a consistent way with the loading process, demonstrating the effectiveness of coupling simulations. In the study of the effect of tire velocity on mixture responses, it was found that low tire velocity results in a large permanent particle displacement, which might eventually result in a large non-recoverable permanent mixture deformation.

The effect of tire rolling state on asphalt mixture behavior has been demon-strated in a study showing particle contact force at full braking is higher than that at free rolling. At the contact plane, full braking causes a great amount of shear, which may lead to early damage initiation. According to the particle displacement distribution, particles tend to flow and rotate along the longitudinal direction under full braking, resulting in structural disturbance. Moreover, due to tire boundary forces along the longitudinal direction under full braking, particles tend to have a large displacement component along this direction, which could result in severe permanent deformation.

The following paper summarizes the main results of this chapter: In this study, a multi-scale FEM-DEM modeling strategy was developed for investigating tire-pavement interaction under non-uniform rolling tire loads. The main findings, conclusions, and perspectives for future works are given as follows:

7.1 Findings in Chapter 3.

Experimental measurements

To measure tire contact stresses on pavement surfaces, the Tekscan system was used. It has been demonstrated that tire-pavement contact stresses are not uniform across the entire contact patch, and tire load and inflation pressure affect contact stress values and contact area.

The peak tire contact stress values are much higher than the tested tire inflation pressure and concentrated in the center of the tire imprint. Furthermore, as tire loads increase, the contact area extends from center-concentrated to side-flat, while the peak value of the contact stress increases slightly at two tire inflation pressures. In addition, increased tire inflation pressures also significantly increase tire-pavement contact stresses. Compared to tire load, tire inflation pressure seems to have a more significant impact on tire-pavement contact stress distribution.

Numerical tire modeling

Notably due to the limitation of experimental sensors in capturing tangential tire contact stresses on the pavement surface, a numerical tire modeling strategy and its calibration were developed to fully obtain tire-pavement contact stresses, refereed in Chapter 5.

Laser scanning and image processing techniques were used to reconstruct tire geometry. By using FEM, the tire structure model was built based on its function, and the relevant parameters were determined through experimental compression testing. Considering its performance and numerical stability in non-linear system simulations, the Contact Dynamics (CD) method was used for solving the tire-pavement contact condition through implicit contact formulation.

Under free-rolling and full-braking conditions, the tire induces three components of contact stresses (vertical, transverse, longitudinal) and they are all not uniform throughout the contact area. The vertical contact stress is much bigger than the other two tangential contact stresses for both free-rolling and full-braking conditions. In addition, under full braking, the tangential contact stress on the pavement surface is much higher than when free-rolling. The continuum mechanics framework was used to carry out macroscopic simulations of asphalt mixtures in consideration of the computational cost of asphalt pavement simulations, as introduced in Chapter 3.

In the numerical FEM simulations, the NOnLinear ViscoElastic (VENoL) model was used for characterizing the frequency-and temperature-dependent asphalt mixture properties.

According to the numerical simulation results, this model accurately describes the viscoelastic properties of the asphalt mixture under various temperatures and frequencies during the complex modulus test, as demonstrated by 2PB complex modulus measurements.

DEM model of asphalt mixture

As described in Chapter 4, due to the heterogeneous structure of asphalt mixtures, the DEM has been adopted to describe the internal asphalt mixture responses from a microscopic level, consistently, at the particle level.

A statistical analysis of the morphology features of aggregates was conducted using laser scanning and image processing. Results show that the elongation ratio, flatness ratio, and sphericity value of aggregates follow normal distributions.

Asphalt mixture specimens were generated by a tessellation method based on the particle morphology statistics including the average aspect ratio and the mean and standard deviation of the sphericity value.

The CD method is introduced to model asphalt mixtures because of its superior capability in polyhedron simulation. The Burgers contact model is adopted to mimic the viscoelastic behavior of asphalt mixtures. To validate the accuracy of the model, experimental and numerical complex modulus tests were conducted at different temperatures and frequencies. Results showed good agreement between the corresponding numerical master curves and the experimental results about dynamic modulus and phase angle.

Upon microscopic analysis resulting from DEM modeling, both the tangential force and normal force between particles appear to increase with decreasing temperature and increased loading frequency. Further, comparing the tangential force and normal force between the particles during cyclic loading could provide insight into the mechanism of damage initiation for asphalt mixtures. For the analysis of macroscopic asphalt mixture responses, a tire-sensorpavement coupling chain was proposed based on continuum mechanics theory, refereed to Chapter 4. The response of asphalt layers to different working conditions, including tire rolling velocity, tire load, inflation pressure, and external environment temperature, was examined. According to the results, the residual displacement of the asphalt layer surface increases with increasing tire loads and decreasing tire velocities, respectively; as a consequence of their two-sided opposing contributions to residual displacement, both tire load and contact area should be evaluated simultaneously for tire inflation pressure effects. A significant increase in residual displacement is observed at high temperatures (when the temperature surpasses 20 °C). The influencing zone of the residual displacement distribution field increases as the temperature increases, especially at high temperatures.

7.1.3.2 From macro to micro: FEM-DEM coupling

• Simulation under stationary tire loads:

In Chapter 5, we proposed a basic coupling strategy to analyze asphalt mixture responses under stationary non-uniform tire loads. Through building a series of rib elements on the asphalt DEM layer surface, the tire contact stresses derived from FEM simulations could be applied on the asphalt layer as a contact force field. By adjusting the number and size of elements within each rib element, the shape of the tire contact patch at a given load level could be considered.

Simulation results demonstrate that under full-braking conditions, particles inside the asphalt mixture tend to flow along the longitudinal direction and rotate ahead, which may lead to structural instability. The distribution of tangential force values under full-braking is higher than that under free-rolling, based on particle contact force analysis.

The results indicate that under full-braking conditions, particles in the mixture undergo greater shear than under free-rolling conditions, likely resulting in earlier damage initiation.

• Simulation under rolling tire loads:

In Chapter 6, an advanced FEM-DEM coupling method is developed to study asphalt mixture responses at the particle level under real rolling tire loads.

The kernel of FEM-DEM coupling is to detect corresponding particles on the asphalt layer that are in contact with tire-pavement contact area nodes. For this purpose, contact detection between particles and mesh nodes is carried out at two levels. First, a coarse detection is carried out using the bounding box algorithm in order to identify the particles in the neighboring of a reference mesh area. When a mesh node is inside the bounding box, a finer detection is performed using the cross-product method to determine which particle surface is in direct contact with the tire contact force nodal point. Following the tire contact nodal forces composed of three components being applied to the particles on the asphalt mixture layer surface, the coupling simulation was performed using time-iteration calculations.

The effectiveness of the coupling method is validated by combining the analysis of particle displacement distributions and tire-pavement contact stresses in three directions (transverse, longitudinal, and vertical).

During tire rolling over the asphalt layer surface, the particle force network evolves in a consistent manner, showing the effectiveness of coupling simulations. There was evidence that low tire velocity results in large residual particle displacement, which would eventually lead to permanent non-recoverable mixture deformation.

Similar results were observed as those in the stationary simulations mentioned before when evaluating the effect of tire rolling state on asphalt mixture behavior by particle contact force analysis. At the contact plane, full braking causes a significant amount of shear, which may lead to early damage initiation. Particles tend to flow and rotate along the longitudinal direction under full braking, which could result in structural disturbances.

Moreover, particles under full braking tend to have a large displacement component along the longitudinal direction due to tire boundary forces, which could result in severe permanent deformation.

Conclusions

This study is dedicated to the modeling of tire-pavement interaction mechanisms from multi-scales. The main conclusions are summarized below.

There are two ways to obtain tire-pavement contact stresses: sensor measurements and numerical models. The numerical modeling method has priority since it can capture tire-pavement contact stresses in tangential directions, among other advantages.

For asphalt mixture modeling, FEM and DEM can be utilized for macro and micro scale simulations, respectively. In FEM modeling, asphalt mixtures are usually assumed to be homogeneous and complex constitutive material laws are typically required. The NOnLinear ViscoElastic (VENoL) model was successfully implemented in numerical simulations, and accuracy was achieved in predicting the properties of asphalt mixtures as a function of frequency and temperature. For characterizing heterogeneous asphalt mixture structures, the DEM modeling method presented in this study provides a basis for the high-precision simulation of asphalt mixtures containing multi-phases including irregular particles and asphalt mastic. In the numerical simulation, aggregate morphology and size distributions are incorporated into the asphalt mixture structure. Furthermore, the computational cost for preparing polyhedral samples is significantly reduced by using tessellation techniques. It can be seen as an appealing alternative to classic modeling methods in asphalt mixture simulations.

For investigating asphalt mixture responses under rolling tire loads, there are two main strategies that are suitable for different scales and purposes. At the macroscopic scale, finite element models using the tire-sensor-pavement coupling chain could be applied to investigate tire-pavement interaction processes as well as to investigate asphalt pavement response to different tire loading and environmental conditions. For tire-pavement contact zones in a macro pavement structure, the proposed FEM-DEM coupling strategy can be used to conduct the tire-pavement interaction simulation at the microscopic scale. The coupling method incorporates the advantages that FEM can simulate contact stresses precisely on the asphalt pavement surface and that DEM is capable of examining internal responses of the asphalt mixture at the particle scale.

The present study provides a multi-scale simulation method incorporating FEM with DEM together to analyze tire-pavement interaction mechanisms under realistic rolling tire loads, which offers a promising way of understanding pavement surface deterioration and optimizing pavement surface design.

Perspectives

Due to the fact that tire geometry, structure, and tread configuration affect tire contact stress distributions, it is recommended to model more tire types including various structures and tread patterns to create a database of tirepavement contact stresses. This database can be used as input boundary conditions for investigating asphalt pavement responses under tire loads.

The proposed DEM model for asphalt mixtures can be used further to investigate the effect of different particle sizes and morphology distribution and rheological properties of asphalt mixtures. Combined with the FEM-DEM coupling, the effects of asphalt mixture components (ex, aggregate gradation, asphalt mastic properties, etc) and external environmental conditions such as temperatures on asphalt mixture responses could be also examined under realistic rolling tire loads. It could therefore be possible to develop a comprehensive database of asphalt pavement responses based on various tire loading conditions, environmental conditions, and asphalt mixture characteristics including proprieties of internal components. In conjunction with computation methods such as artificial neural networks or machine learning, this database also has the potential to develop monographs for pavement design purposes based on input parameters from the tire, asphalt mixture, and environmental conditions.

Limited by the current computation capacity, this study conducted numerical simulations to examine asphalt mixture responses under a single tire loading cycle. Asphalt mixtures deteriorate under multiple tire overruns, and finally, induce cracks or permanent rutting deformation. The next step consists to proceed further with particle-scale damage analysis and bridging it with macroscopic pavement performance predictions. Based on multi-scale FEM-DEM coupling simulations, a performance prediction model should be developed to include asphalt mixture damage mechanisms by using fatigue damage and/or fracture mechanics theory.
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Étude multi-échelle de l'interaction pneu-chaussée dans des conditions de roulement basée sur le couplage de la méthode des éléments finis et de la méthode des éléments discrets

Multi-scale study of tirepavement interaction under rolling conditions based on the coupling of Finite element method and Discrete element method

Résumé

Alors que le trafic augmente à pas de gé ant, la dé té rioration des couches de surface en asphalte apparaî t comme la premiè re cause des coûts d'entretien du ré seau routier. Une compré hension approfondie de l'interaction pneuchaussé e est essentielle pour optimiser la conception de la couche de surface des chaussé es bitumineuses dans le contexte d'infrastructures vieillissantes et de ressources d'entretien limité es. Pour faire face aux difficulté s dé coulant de la complexité et de l'inadé quation des mé thodes d'essai expé rimentales dans l'é tude du systè me d'interaction pneu-chaussé e, les approches numé riques telles que la mé thode des é lé ments finis (FEM) et la mé thode des é lé ments discrets (DEM) sont apparues comme un moyen prometteur et efficace de mieux comprendre les performances des enrobé s bitumineux au cours des derniè res dé cennies. La plupart des é tudes actuelles sur l'interaction entre le pneu et la chaussé e ont é té mené es dans le cadre de la mé canique des milieux continus à l'aide de la mé thode des é lé ments finis, qui pré sente des limites dans la modé lisation de la nature discontinue des mé langes bitumineux. La DEM offre un moyen prometteur d'examiner les proprié té s mé caniques des mé langes bitumineux à l'échelle des particules, mais elle est inadé quate pour modé liser la structure dé formable des pneus et estimer les forces de contact ré alistes des pneus sur la surface de la chaussé e. Cette thè se est consacré e à l'é tude du systè me d'interaction entre le pneu et la chaussé e sur la base de simulations numé riques. Deux mé thodes numé riques principales, FEM et DEM, sont utilisé es pour modé liser ce systè me à plusieurs é chelles, de maniè re diffé rente. Pour l'examen des ré ponses de la couche de bé ton bitumineux sous des charges de roulement ré alistes (pneus) à un niveau macroscopique, une nouvelle chaî ne de couplage pneu-capteurchaussé e basé e sur la FEM a é té proposé e pour inté grer la distribution ré aliste de la contrainte de contact du pneu dans la modé lisation mé canique de la couche bitumineuse. Les distributions de contraintes de contact du pneu lors de diffé rentes conditions de chargement, incluant les charges et les pressions de gonflage du pneu, ont é té obtenues en utilisant le systè me de mesure du capteur Tekscan. Le comportement des maté riaux bitumineux en fonction de la tempé rature et de la fré quence a é té dé crit par le modè le VENoL (NOnLinear ViscoElastic). La fiabilité du modè le a é té validé e à la fois numé riquement et expé rimentalement par des essais de module complexe. Enfin, les effets de diverses tempé ratures de chaussé e, vitesses de roulement des pneus, charges des pneus et pressions de gonflage des pneus sur les ré ponses de la couche de bé ton bitumineux ont é té é tudié s. Les ré sultats indiquent que les ré ponses de la couche bitumineuse est considé rablement influencé e par les conditions de chargement des pneus. Pour la modé lisation du mé lange bitumineux à partir d'une é chelle microscopique, la mé thode DEM a é té adopté e. Sur la base de l'acquisition des formes tridimensionnelles (3D) des agré gats par balayage laser, les caracté ristiques morphologiques d'un grand nombre de particules ont é té analysé es statistiquement par la technologie de traitement des images. Des é chantillons numé riques de mé lange d'asphalte ont é té gé né ré s par des tessellations de Voronoï combinant la distribution de la taille des particules et les statistiques de morphologie. La fiabilité du modè le a é té validé e par la ré alisation d'expé riences et de simulations DEM basé es sur la mé thode de la dynamique de contact (CD) pour l'essai du module complexe. Grâ ce à cette procé dure, la morphologie et la distribution de la taille des agré gats ont pu ê tre incorporé es dans les simulations numé riques des mé langes bitumineux. En outre, la mé thode proposé e permet d'apprendre le possible micromé canisme d'initiation des dommages du mé lange à l'é chelle des particules. Pour faire face aux difficulté s des mesures expé rimentales des capteurs à mesurer les contraintes de contact tangentielles du pneu sur la surface de la chaussé e, la FEM a é té utilisé e pour modé liser le pneu et dé terminer les contraintes de contact ré sultantes entre le pneu et la chaussé e. La mé thode CD a é té introduite pour imposer la condition de contact entre le pneu et la surface de la chaussé e en raison de ses performances dans la simulation de systè mes de corps rigides ayant des lois de contact non liné aires. La gé omé trie du pneu a é té reconstruite par balayage laser et par des techniques de traitement d'images. La structure du pneu a é té construite par FEM et les paramè tres pertinents ont é té identifié s par un test de compression. Les distributions des contraintes de contact en cas de roulement libre et de freinage complet ré vè lent que le pneu induit des contraintes de contact dans trois directions (verticale, transversale, longitudinale) et qu'elles ne sont pas uniformes dans la zone de contact. La contrainte de contact tangentielle sur la surface de la chaussé e en cas de freinage complet est beaucoup plus é levé e que celle en cas de roulement libre, ce qui prouve la né cessité de considé rer les contraintes de contact tangentielles du pneu comme des conditions limites dans l'examen des ré ponses du mé lange bitumineux. Enfin, des simulations de couplage FEM-DEM ont é té pré senté es pour é tudier les ré ponses du mé lange d'asphalte à l'é chelle des particules, ce qui ré pond à l'objectif d'investigations multi-é chelles des mé canismes d'interaction pneu-chaussé e. La mé thode de couplage incorpore les avantages que possè de la FEM pour simuler les contraintes de contact du pneu avec pré cision sur la surface de la chaussé e bitumineuse et la DEM pour estimer les ré ponses internes du mé lange bitumineux à l'échelle des particules. En mettant en oeuvre un modèle DEM d'un béton bitumineux avec des conditions ré alistes de charge de roulement des pneus (à partir d'un modè le FEM), cette straté gie de couplage permet d'é tudier l'é volution du ré seau de chaî nes de force des particules, les distributions des dé placements et des vitesses des particules, les mouvements des particules individuelles et les caracté ristiques des forces de contact entre les particules à l'inté rieur du bé ton bitumineux. La pré sente é tude fournit une mé thode de simulation multi-é chelles incorporant la FEM et la DEM pour analyser les mé canismes d'interaction pneu-chaussé e sous des charges de roulement ré alistes, ce qui offre une voie prometteuse pour comprendre la dé té rioration de la surface de la chaussé e et optimiser la conception de cette derniè re. 
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Abstract

As traffic grows by leaps and bounds, deterioration of asphalt surface layers emerges as the primary cause of road network costs. A deep understanding of the tire-pavement interaction is essential for optimizing the surface design of asphalt pavements in the context of aging infrastructure and limited maintenance resources. To cope the difficulties rising from the complexity and inadequacy of experimental test methods in examining the tirepavement interaction system, numerical approaches such as the Finite Element Method (FEM) and the Discrete Element Method (DEM) have emerged as a promising and effective way of gaining insight into asphalt mixture performance in recent decades. Most of the current tire-pavement interaction studies have been conducted in the continuum mechanics framework using FEM, which shows limitations in modeling the discontinuity nature of asphalt mixtures. DEM offers a promising way to examine the mechanical properties of asphalt mixtures at the particle level, but it is inadequate for modeling deformable tire structure and capturing realistic tire contact forces on the pavement surface. This thesis is dedicated to the investigation of the tire-pavement interaction system based on numerical simulations. Two main numerical methods, FEM and DEM, are used to model this system from multi-scales, differently. For the examination of asphalt layer responses under realistic tire rolling loads from a macroscopic level, a novel tire-sensor-pavement coupling chain based on FEM was proposed for integrating the realistic distribution of tire contact stress into the mechanical modeling of the asphalt layer. The tire contact stress distributions under different tire loading conditions including tire loads and tire inflation pressures were obtained by using the Tekscan sensor measuring system. The temperature-and frequencydependent material behavior of asphalt mixes was described through the VENoL (NOnLinear ViscoElastic) model. The model reliability was validated both numerically and experimentally via complex modulus tests. Finally, various pavement temperatures, tire driving speeds, tire loads, and tire inflation pressures were investigated for their effect on asphalt layer responses. The results indicate that asphalt layer responses are influenced considerably by tire loading conditions. For the modeling of asphalt mixture from a microscopic scale, DEM was adopted. Based on the acquisition of three-dimensional (3D) aggregate shapes using laser scanning, the morphological characteristics for a large number of particles were analyzed statistically by image processing technology. Numerical asphalt mixture samples were generated by Voronoi tessellations combining the particle size distribution and morphology statistics. The model reliability has been validated by conducting experiments and DEM simulations based on the Contact Dynamics (CD) method for the complex modulus test. Using this procedure, the aggregate morphology and size distribution could be incorporated in numerical simulations of asphalt mixtures. Furthermore, the possible micro-mechanism of mixture damage initiation might be revealed at the particle-scale by using the proposed method. To cope the difficulties of experimental sensor measurements in capturing tangential tire contact stresses on the pavement surface, FEM was utilized to model the tire and capture the resulting tire-pavement contact stresses. The CD method was introduced to enforce the contact condition between the tire and the pavement surface because of its performance in non-linear system simulation. The tire geometry was reconstructed via laser scanning and image processing techniques. The tire structure was built by FEM according to its function and the relevant parameters were identified with a compression test. The contact stress distributions under free-rolling and full-braking reveal that the tire induces contact stresses in three directions (vertical, transverse, longitudinal) that are not uniform across the contact area. The tangential contact stress on the pavement surface under full-braking is much higher than that under free-rolling, which proves the necessity of considering tangential tire contact stresses as boundary conditions in examining asphalt mixture responses. Finally, FEM-DEM coupling simulations were presented to investigate asphalt mixture responses at the particle level, which fulfills the goal of multi-scale investigations of tire-pavement interaction mechanisms. The coupling method incorporates the advantages that FEM can simulate tire contact stresses precisely on the asphalt pavement surface and DEM is capable of examining internal responses of the asphalt mixture at the particle scale. By implementing a DEM model of asphalt mixtures with realistic rolling tire load conditions (from a FEM model), this coupling strategy allows the investigation of particle force chain network evolution, particle displacement and velocity distributions, movements of individual particles, and particle contact force characteristics inside an asphalt mixture. The present study provides a multi-scale simulation method incorporating FEM with DEM together to analyze tire-pavement interaction mechanisms under realistic rolling tire loads, which offers a promising way of understanding pavement surface deterioration and optimizing pavement surface design.

Keywords: tire-pavement interaction; contact dynamics method; multiscale approach; finite element modeling; discrete element modeling; non-uniform tire load; asphalt mixture responses
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Figure 2 . 11 :

 211 Figure 2.11: Simulating the splitting test by DEM: (a) the specimen preparation (b) the test set-up

Fig- ures 2 .

 2 12 and 2.13 give contact model configurations in a DEM simulation of asphalt mixture.

Figure 2 . 12 :Figure 2 . 13 :

 212213 Figure 2.12: Configuration of the contact model in a DEM simulation[START_REF] Liu | Accelerated discrete-element modeling of asphalt-based materials with the frequency-temperature superposition principle[END_REF] 

Figure 2 . 14 :Figure 2 . 15 :

 214215 Figure 2.14: Generation process of asphalt mixture DEM model based on computer-aided algorithm[START_REF] Xue | Investigation on the micromechanical response of asphalt mixture during permanent deformation based on 3d virtual wheel tracking test[END_REF] 

Figure 2 .

 2 Figure 2.17: (a) HVS in FDOT's APT facility [3] (b) APT facility of IFST-TAR [131] (c) Natural Environment-Automatically Loaded Track (NE-ALT) system [4] (d) Full-scale loading test based on MLS66 equipment[START_REF] Liu | Threedimensional finite element analysis for structural parameters of asphalt pavement: A combined laboratory and field accelerated testing approach[END_REF] 

Figure 2 .

 2 Figure 2.18: (a) Discretisation of coupled ALE tire-pavement interaction model (b) Vertical displacements of pavement model at 5 km/h

Figure 2 .

 2 Figure 2.20: (a)Applied wheel loading assumption (b) Angular velocities of coarse aggregates[START_REF] Xue | Investigation on the micromechanical response of asphalt mixture during permanent deformation based on 3d virtual wheel tracking test[END_REF] 

Figure 2 .

 2 Figure 2.22: (a) Initial soil bed and tire configurations (b) The tire during travel through the soil bed[START_REF] Michael | Dem-fem coupling simulations of the interactions between a tire tread and granular terrain[END_REF] 

Figure 3 . 1 :

 31 Figure 3.1: The sensor measuring system (from https://www.tekscan. com/) (Left), Experimental test measuring process (Right).

Figure 3 . 2 :

 32 Figure 3.2: Tire contact stress distributions under different loads and inflation pressures

Figure 3 . 3 ,

 33 on each trapezoidal sample, a sinusoidal displacement z = z 0 sin(ωt) was imposed at the target frequency, with a peak displacement z 0 of 63 × 10 -6 m, corresponding to a strain amplitude of 50 × 10 -6 at the top of the sample. The maximum force F 0 and the phase ange ϕ were measured during the last 10 seconds of the test.

  (a) Experimental test device (b) Test loading conditions[START_REF] Quezada | Complex modulus modeling of asphalt concrete mixes using the non-smooth contact dynamics method[END_REF] 

Figure 3 . 3 :

 33 Figure 3.3: 2PB test configuration

  the measurement of the dynamic modulus |E * | and phase angle ϕ, the frequency values tested were set as 1, 3, 10, 25, 30 and 40 Hz, while the selected temperature values were -10, 0, 10, 15, 20, 30 and 40 °C. The experimental results are shown in Figure 3.4. As it could have been expected, the dynamic modulus |E * | decreases and the phase angle ϕ increases with increasing temperature and decreasing frequency, respectively.

Figure 3 . 4 : 51 3. 3

 34513 Figure 3.4: Experimental results for the 2PB test
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 35 Figure 3.5: VENoL model [67]

Figure 3 .

 3 Figure 3.6a displays that the variations of the stiffness component ℜ E (green curves) and the reduced viscosity component ℑ η,R-T (red curves) are defined

Figure 3 . 6 :

 36 Figure 3.6: VENoL model parameters and equations[START_REF] Coulon | Analytical modelling of complex stiffness modulus tests in direct tension-compression on asphalt concrete and nonlinearity effect due to strain amplitude[END_REF] 

Figure 3 . 7 :

 37 Figure 3.7: Numerical 2PB test based on FEM

Figures 3 .

 3 Figures 3.8a and 3.8b give the respective comparison of dynamic modulus and phase angle master curves (C 1 = 30, C 2 = 198.4 • C related to the current material, and T ref = 15 • C) for experimental, VENoL fitting, and numerical simulation results. These results agree quite well for both dynamic modulus and phase angle values. To verify the results in the Cole-Cole and Black spaces which are very sensitive to the parameter variation, Figures 3.8c and 3.8d show the results of experimental tests, VENoL fitting, and numerical simulations in the Cole-Cole and Black spaces respectively. As can be seen from these two figures, the fit for numerical simulations is in good agreement with VENoL fitting and experimental tests. The comparisons from Figure 3.8 validate the reliability of the fitting of the VENoL model for concerned viscoelastic asphalt mixtures.
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 38 Figure 3.8: Comparisons between numerical and experimental results

Figure 3 . 9 :

 39 Figure 3.9: Pavement layer and loading area
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 310 Figure 3.10: Tire-sensor-pavement coupling

Figure 3 . 11 :

 311 Figure 3.11: Tire rolling process on the asphalt layer

Figure 3 . 12 :Figure 3 . 13 :

 312313 Figure 3.12: Tire rolling process on the asphalt layer for V = 20 km/h

  (a) Residual displacement after load passing (scale factor = 50000) (b) Asphalt rut deformation under real tire loads[START_REF] De | Towards understanding tyrepavement contact in apt research on flexible pavements[END_REF] 

Figure 3 . 14 :

 314 Figure 3.14: Comparisons of the numerical surface deflection and the experimental rutting measurement

Figure 3 . 15 :

 315 Figure 3.15: Residual deformation (scale factor = 50000) for different tire rolling velocity

Figure 3 .

 3 Figure 3.18 plots the residual displacement distribution across the cross section lying on the center (x=0). As shown in the figure, heavy tire loads cause a wide influencing zone and large residual displacement.

Figure 3 .

 3 Figure 3.19 further gives the displacement characteristics of the center element lying on the center of the asphalt layer surface. It illustrates that big tire loads induce the increment of both a big peak and residual element deformation.

Figure 3 . 16 :

 316 Figure 3.16: Dynamic responses of the center element on the asphalt layer surface for V = 20 km/h

Figure 3 . 17 :Figure 3 . 18 :Figure 3 .

 3173183 Figure 3.17: Dynamic responses of the center element on the asphalt layer surface for different tire rolling velocity

Figure 3 .

 3 Figure 3.21 further gives the residual displacement of the center element.It shows that high tire inflation pressure causes increased peak deformation compared with low tire inflation pressure. Both tire inflation pressures reach the same level for residual displacement. The results display the combined effect of tire loads and inflation pressures. Compared to the high tire inflation pressure, low tire inflation pressure results in a longer tire loading period. The small contact area patch of the tire leads to a short rolling duration as well as high tire loads leading to large deformation. A low inflation pressure causes a large contact area between the tire and pavement, which leads to a long period of the tire rolling over the pavement and resulting in heavy deformation accumulation. Tire inflation pressure contributes to both tire
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 319320 Figure 3.19: Dynamic responses of the center element on the asphalt layer surface for different tire loads at V = 20 km/h

Figures 3 .

 3 Figures 3.22a to 3.22e give examples of the residual displacement filed on the asphalt layer surface after tire loading passe at different temperatures (from -10 °C to 30 °C). Based on these figures, it can be seen that the influencing field of residual displacement widens as the temperature increases, especially at a high temperature (30 °C herein), the residual displacement field is widely distributed on the asphalt layer surface. Figure3.22f gives the comparison for the maximum residual displacement at different temperatures. The figure illustrates that the peak value of residual displacement increases with increasing temperatures and that the increment becomes drastic after 20 °C.
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 321322 Figure 3.21: Dynamic responses of the center element on the asphalt layer surface for different tire inflation pressures at V = 20 km/h
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 41 Figure 4.1: Comparison between the two contact modeling methods: Normal (left) and Tangential (right)

Figure 4 . 2 :

 42 Figure 4.2: Candidate/antagonist approach

Figure 4 . 3 :

 43 Figure 4.3: Contact situations that may occur between two polyhedral particles

Figure 4 . 4 :

 44 Figure 4.4: 3D scanning process

Figure 4 . 5 :

 45 Figure 4.5: Original bounding box of an aggregate particle (left) and minimum bounding box cube of the aggregate particle (right)

Figure 4 .

 4 6a and Figure 4.6b show the probability distribution histogram (PDF) of the LI and IS, respectively. As shown in the figures, both LI and IS of aggregate particles obey a normal distribution. Aggregates with IS less than 0.6 are defined as flaky particles and constitute about 5% of the overall samples, which fulfills the French standard stating flaky aggregates used in road construction should be less than 15% (NF P18-545 [186]).
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Figure 4 . 6 :

 46 Figure 4.6: Probability distribution and normal fitting: (a) Elongation ratio (LI); (b) Flatness ratio (IS)

Figure 4 . 7 :

 47 Figure 4.7: Probability distribution and normal fitting of Sphericity (Sp )

  In the 2PB tests, the loading frequencies ranged from 3 Hz up to 40 Hz, and temperatures varied between -10 • C and 30 • C. For each couple temperaturefrequency, a sinusoidal horizontal displacement Z = Asin(ωt) was measured on the top of each sample and the amplitude A was 63 µm leading to a maximum strain ϵ less than 50 × 10 -6 to prevent fatigue damage. The dynamic modulus |E * | and phase angle ϕ were measured at six temperatures (-10, 0, 10, 15, 20 and 30 • C) and five loading frequencies (3, 6, 10, 25, and 40 Hz), the results are shown in Figure 4.8.
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 4849 Figure 4.8: Dynamic modulus and phase angles from experimental measurements of asphalt mixture

Figure 4 .

 4 10 and Figure 4.11 show the final gradation and snapshot of the numerical sample reconstructed in LMGC90 software, respectively.
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 410 Figure 4.10: Particle size distribution (PSD) of asphalt mixture
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Figure 4 . 11 :

 411 Figure 4.11: Numerical modeling of test sample

92 Chapter 4 .

 4 Asphalt mixture modeling based on Contact Dynamics method (a) Normal components (b) Tangential components

Figure 4 . 12 :

 412 Figure 4.12: Burgers contact model between particles

  The macroscopic model parameters allow determining the dynamic modulus as |E * | = |D * | -1 and the phase angle by ϕ = arctan(D ′′ /D ′ ). Using the established analytical expressions for |E * | and ϕ, the best fit of macroscopic parameters regarding experimental data can be estimated. The parameter calibration of Burgers model for each temperature was based on an optimization iterative procedure, as follows: (i) Performing the numerical simulation based on initial Burgers parameters under each loading frequency; (ii) Computing the numerical |E * | and ϕ values from simulation results according to Eqs. 3.1 to 3.6;

Figure 4 . 13 :

 413 Figure 4.13: Relations between velocities and contact forces: (a) Normal components (b) Tangential components [48].

Figure 4 . 14 :

 414 Figure 4.14: Calibration process of Burgers model parameters.

Figure 4 .

 4 Figure 4.15 shows an example of the measured displacement and the corresponding force at the top plate for five loading cycles. As expected, both the force and displacement curves follow the sinusoidal wave. The phase angle between these two curves allows calculating ψ.

Figure 4 . 15 :

 415 Figure 4.15: Measured displacement Z and corresponding force F for 15 • C and 40 Hz

Figure 4 .

 4 [START_REF] Hsien | Pavement analysis and design[END_REF] shows the experimental and numerical results for the master curve with C 1 = 28 and C 2 = 206.8 • C, at the reference temperature of 15 • C, which is a referenced value in French pavement design[START_REF]Bituminous mixtures. test methods for hot mix asphalt. stiffness[END_REF].The numerical values from simulations are in good agreement with experimental values for |E * | and ϕ for all the tested frequencies, despite some

Figure 4 . 16 :

 416 Figure 4.16: Experimental and numerical master curve at T ref = 15 • C

Figure 4 . 17 :

 417 Figure 4.17: Macro and micro behavior of asphalt specimen in one loading cycle

Figure 4 . 18 :

 418 Figure 4.18: Normal force probability distribution at 15 • C, 40 Hz

Figure 4 . 19 :

 419 Figure 4.19: Tangential force probability distribution at 15 • C, 40 Hz

Figure 4 . 20 :

 420 Figure 4.20: Average velocity of particles for 15 • C and 40 Hz

Figure 4 .

 4 [START_REF] Park | Evaluation of predicted pavement response with measured tire contact stresses[END_REF] shows the strong and weak force distribution at T1 and T3. Both strong (red) and weak forces (blue) change direction following the change in direction of the tangential force. This is consistent with the inference above.

Figure 4 . 21 :

 421 Figure 4.21: Strong and weak contact force networks for 15 • C and 40 Hz

  Figure 4.22 shows the changing trend of the two types of force at 15 • C for different frequencies. The tangential force reaches positive values at T1, where the measured displacement is maximum following the horizontal loading direction. After a half loading cycle, the tangential force achieves negative values at T3, where the displacement reaches a maximum value in the opposite direction. The higher the frequency, the larger the magnitude of tangential force at T1 and T3 will be. The normal force has a wider distribution range than the tangential force and distributes symmetrically along the Y-axis (x=0). Besides the range increases as the frequency increases, which indicates the magnitude of the normal force shows the same trend as the tangential force. 102 Chapter 4. Asphalt mixture modeling based on Contact Dynamics method (a) Tangential force at T1 (b) Tangential force at T3 (c) Normal force at T1 (d) Normal force at T3
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 4224 Figure 4.22: Cumulative distribution for tangential force and normal force at T1, T3, 15 • C

( a )

 a Tangential force at T1 (b) Tangential force at T3 (c) Normal force at T1 (d) Normal force at T3

Figure 4 . 23 :

 423 Figure 4.23: Cumulative distribution for tangential force and normal force at T1, T3, 40 Hz

Figure 5 . 1 :

 51 Figure 5.1: Tire scanning process

5. 3 .

 3 Macro simulation of the tire induced-loading on the pavement surface 111 to 2.2 bar. The predicted load-deflection curve agrees with the experimental data, where the obtained material parameters for the numerical simulation were a Young's modulus of 1.0 MPa and a Poisson's ratio of 0.36. It is worth to note that the deformable part is compressible since it models rubber and air together. The nonlinear load-deflection curve comes from the geometric nonlinearity.

Figure 5 . 3 :

 53 Figure 5.3: Comparisons between measured and calculated tire deflections

Figure 5 . 4 :

 54 Figure 5.4: Tire driven forces during rolling (a) and pavement contact forces (b)[START_REF] Johnson | Contact Mechanics[END_REF] 

5. 3 .

 3 Macro simulation of the tire induced-loading on the pavement surface 113 gential parts were solved by the balance formulations below: W = Γc p(x, y)dS = F z (5.1)

Figure 5 . 5 :

 55 Figure 5.5: Asphalt surface layer and tire
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 3 Macro simulation of the tire induced-loading on the pavement surface 115

5. 3 .Figure 5 . 6 :

 356 Figure 5.6: Contact stress distribution contours at free-rolling

Figure 5 . 7 :

 57 Figure 5.7: Contact stress distribution contours at full-braking

Figure 5 .

 5 Figure 5.8 gives the generated asphalt mixture sample for complex modulus tests based on two-point bending (2PB) configuration, where rigid particles interact with each other through the viscoelastic asphalt mastic.

Figure 5 . 8 :

 58 Figure 5.8: Numerical modeling of asphalt mixture for 2PB complex modulus test

Figure 5 . 9 :

 59 Figure 5.9: Dynamic modulus and phase angles from experimental measurements and simulations at 15°C: (a) Dynamic modulus; (b) Phase angle

Figure 5 .

 5 Figure 5.11 displays an example of derived tire contact forces at free-rolling.It can be found that these boundary forces present a consistent distribution as the tire contact stresses aforementioned, which proves the method effectiveness.
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 4123510 Figure 5.10: Tire imprint, contact stresses under each rib and local coordinate system

Figure 5 .Figure 5 . 11 :Figure 5 . 12 :

 5511512 Figure 5.13a shows the particle displacement distribution under free-rolling condition. The arrows in the figure represent the particle moving direction, and the color of the arrows indicates the magnitude of the particle displacement. It can be seen that particle displacements distribute non-uniformly in the mixture, where particles near the center have larger displacements than

Figure 5 .

 5 Figure 5.13b shows the particle displacement distribution under full-braking condition. The peak displacements appear concentrated on one side of the model along the longitudinal direction. Particles have an obvious longitudinal displacement component owing to the significant longitudinal contact stress. Note that particles under both free-rolling and full-braking conditions have a similar lateral displacement distribution since the lateral tire contact stresses occur in a comparable pattern on the pavement surface for the two loading conditions.

Figure 5 . 13 :

 513 Figure 5.13: Particle displacement distribution under (a) free-rolling condition; (b) full-braking condition

Figure 5 . 14 :

 514 Figure 5.14: Maximum displacement comparison between free-rolling and full-braking

Figure 5 . 15 :Figure 5 . 16 :

 515516 Figure 5.15: Normal force distribution

Figure 6 . 1 :

 61 Figure 6.1: Coupling simulation of FEM and DEM: (a) Tire imprint determination; (b) Contact force detection; (c) Contact force application

Algorithm 3 Figure 6 . 2 :

 362 Figure 6.2: (a) Coarse detection: Bounding box; (b) Fine detection: Point in polyhedron

Figure 6 . 3 :

 63 Figure 6.3: (a) Plane-XY; (b) Plane-XZ; (c) Plane-YZ

Figure 6 . 4 :Figure 6 . 5 :

 6465 Figure 6.4: Comparisons between particle displacement distributions (left) and Tire-pavement contact stress distributions (right) in three directions

Figure 6 .

 6 Figure 6.7 shows the strong and weak force distribution during the rolling

Figure 6 . 6 :

 66 Figure 6.6: Bottom boundary force characteristics

Figure 6 . 7 :Figure 6 . 8 : 147 6. 5

 67681475 Figure 6.7: Contact force network evolution (strong force = 1.0 and weak force = 0.0) at rolling velocity of 30 m/s

Figure 6 .

 6 Figure 6.9 shows the boundary force comparison for free rolling and full brake conditions. Compared to the free rolling condition, the boundary force has a significant component along the longitudinal axis (y-axis) at full braking, which could result in particle disturbances in the mixture.

Figure 6 . 9 :

 69 Figure 6.9: Bottom boundary force characteristics for different rolling status

Figure 6 .

 6 Figure 6.11 presents the particle displacement distribution for both loading conditions. The particle displacement distribution under free rolling is shown in figure6.11a. The arrows in the figure indicate particle movement direction, and their colors indicate particle displacement magnitude. The particle displacements are not distributed uniformly in the mixture, with particles near the center displacing more than those in other regions, which is consistent with the concentration of stresses under free rolling.
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 6610 Figure 6.11b shows the particle displacement distribution under the full braking condition. There is a visible concentration of peak displacements on one

Figure 6 . 11 :

 611 Figure 6.11: Particle displacement distribution at 30 m/s for different rolling status (T = 0.007 s)

Figure 6 . 12 :

 612 Figure 6.12: Average particle velocities for different tire rolling status

Figure 6 . 13 :

 613 Figure 6.13: Particle displacement for different tire rolling status
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 12 Asphalt mixture modeling 7.1.2.1 Constitutive law identification of asphalt mixture
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 13 Asphalt mixture responses under tire loads 7.1.3.1 Tire-sensor-pavement coupling chain
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Pour la modélisation des mélanges bitumineux, les méthodes FEM et DEM peuvent être utilisées pour des simulations à l'échelle macro et micro, respectivement. Dans la modélisation FEM, les mélanges bitumineux sont généralement supposés être homogènes et des lois constitutives complexes sont généralement requises. Le modèle NOnLinear ViscoElastic (VENoL) a été mis en oeuvre avec succès dans les simulations numériques, et la précision a été atteinte dans la prédiction des propriétés des mélanges bitumineux en fonction de la fréquence et de la température.

Pour caractériser les structures hétérogènes des mélanges bitumineux, la méthode de modélisation DEM présentée dans cette étude fournit une base pour la simulation de haute précision des mélanges bitumineux contenant plusieurs phases, y compris les particules irrégulières et le mastic d'enrobé. Dans la simulation numérique, la morphologie et la distribution des tailles des agrégats sont incorporées dans la structure du mélange bitumineux. En outre, il réduit considérablement le coût de calcul de la préparation d'échantillons polyédriques en utilisant des techniques de pavage 3D. Elle peut être considérée comme une alternative intéressante aux méthodes de modélisation classiques dans les simulations de mélanges bitumineux.
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		1: Particle size distribution (PSD) of asphalt mixture	
	Diameter (mm) 12.5 10 8 6.3 4 2 1 0.5 0.25 0.125 0.063
	PSD (%)	100 90 64 44 36 32 22 17	13	11	7.3
	As shown in				

Table 3 . 2
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: Modeling parameters for VENoL model Transition reduced pulsation:

  Algorithm 1 General procedure of the detection algorithm 1. Asphalt layer surface node selection 1.1: Get node coordinates N coor of the asphalt layer: if N coorz > -Ed z then ▷ Ed is the element dimensions Record the surface node id to an array [ID] Record the corresponding surface node coordinates to an array [N S coor ] end if 2. Data processing from Tekscan measurement 2.1: Transfer the stress signal of sensor to the nodal force of sensor, save it to an array [F no ]. 2.2: Record the coordinates of the Tekscan sensor matrix to an array [T coor ] 3. Detection and nodal force application to the asphalt layer for t in range [0, t f inal ] do ▷ t is the elapsed time while

Table 4 .

 4 

	Parameters Distribution type Mean Standard deviation
	LI	Normal	1.3951	0.3578
	IS	Normal	1.3009	0.3124
	Sp	Normal	0.8013	0.0428
	4.4 Asphalt mixture modeling	
	4.4.1 Complex modulus test	
	To identify the mechanical properties of asphalt mixtures, complex modulus
	tests were conducted in a two-point bending (2PB) configuration. The slab
	specimens were prepared according to the asphalt mixture gradation (Ta-
	ble 4.2) and the trapezoidal samples were cut from the slab according to the
	dimensions given in Table 4.3.		

1: Statistical parameters for aggregate morphology Note: D is the maximum aggregate size.

Table 4 . 4

 44 

	s)

: Burgers model parameters used in numerical simulations T ( • C) E m (Pa) η m (Pa.s) E k (Pa) η k (Pa.
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